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PREFACE 
The work described in this text was carried out by the 
author between 1981 and 1984 whilst a research student at 
the University of Durham, 
S.M.Scarrott. 
under the supervision of Dr 
The i n s t r ume n t a t i on and c omp u t e r data-reduct ion 
techniques were developed by the polarimetry group under 
Dr Scar rot t. The original scattering routines and 
optimization procedures are the work of R.F.Warren-Smith 
with some changes having been made by the author in order 
to accommodate the present data. 
The author has undertaken to observe, process and 
interpret new data of the nebulosity illuminated by the 
star LKHa208. 
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ABSTRACT 
An investigation of the nebulosity illuminated by 
the star LKHa208 has been carried out. Observations of the 
nebulosity were made in four colours. These were used in 
conjunction with linear polarization measurements for the 
object 
nebula. 
to investigate the detailed structure of the 
Numerical model I ing of the nebulosity has been 
carried out. I t has been shown that the observations 
result from the scattering of radiation by dust which is 
concentrated at the edges of a cavity, the structure of 
which may be approximated by a paraboloid. The grains 
comprising the nebula are of high albedo ( ) 0.8) and low 
refractive index (1.25 ~ 0.12). It is proposed that icy 
grain mantles are present in the dust, so yielding these 
results. The dust grain size distribution takes 
of a power-law distribution such that 
n(a)=a- 4 • 3 
the form 
where n(a)da is the number density of particles with radii 
in the range (a, a+da). 
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CHAPTER 1 
POLARIZED LIGHT 
1.1 THE NATURE OF POLARIZED LIGHT 
Light is an electromagnetic wave, each elementary 
wave being described by an electric (£.)vector and a 
magnetic (tl) vector which are mutually perpendicular and 
both perpendicular to the direction of propagation of the 
wave. Natural incoherent light is unpolar ized and consists 
of a superposition of many such elementary waves, their 
electric vectors being randomly oriented with no 
preferential direction (figure 1.1a). If for some reason a 
beam of light becomes 'polarized' then this means that 
there is a preferred direction f o r the electric and 
1 
a) Unpalarized light b) Partially, vertically plane 
polarized light 
Figure 1.1 
Polarization of a beam of incoherent light 
Ey 
Ex \ 
Figure 1.2 
Superposition of twa elementary waves which 
have a phase difference between them. 
POLARIZED LIGHT 
mag n e t i o v e c t o r s ( f i g u r e 1 . 1 b ) . S i n c e t he mag n e t i c v e c t o r 
is always perpendicular to the electric vector, only the 
electric vector henceforth need be considered. 
There are three principal states of polarization 
unpolar ized, linearly polarized and elliptically 
p o l a r i z e d . T h e n a t u r e o f t he I a t t e r two c a n be s i mp I y s e e n 
by considering the addition of just two elementary waves 
with .5. vectors perpendicular to each other and with a 
phase di f terence between them (figure 1 . 2) . In the 
simplest case the two .5. vectors may be represented by 
.S.x ( z , t ) = _lEo x • cos ( k z - W t ) 
..... (1.1) 
.S.v (z,t) = lEov .cos(kz- wt + €) 
where Eo x and Eo v are the amp I i tudes of the waves 
oscillating in the x andy planes respectively. € is the 
relative phase difference between them. k is the constant 
of propagation and w is the angular frequency. The 
resultant wave is given by 
.S.r = .S.x + .S.v ..... (1.2) 
and I i es in the same plane, perpendicular to the 
prop a g a t i on d i r e c t i on . I f € i s an even mu l t i p I e of Jr. t hen 
.S.r = (_lEo x + lEo y ) . c 0 S ( k Z - W t ) ..... (1.3) 
or if € is an odd multiple of Jr. then 
2 
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S.,. = ( .lEox - j_E0 v ) • cos ( k z - W t ) ..... (1.4) 
These two cases above, where the waves are either in phase 
or in anti-phase result in the resultant,!;. vector lying in 
a fixed plane and the wave is said to be linearly 
polarized. 
If £ is arbitrary then it can be shown that 
( Ev /Eo v ) 2 - 2 ( Ev . Ex /Eo v . Eo x ) cos£ + (Ex /Eo x ) 2 = s i n2 £ 
..... (1.5) 
which is the equation of an ellipse. The resultant vector 
l i es s t i l I in the plane perpendicular to the propagation 
d i r P. c t i on a n d r o t a t e s , t r a c i n g o u t a n e l I i p s e w i t h t i me . A 
special case of e I I i p t i c a I p o l a r i z a t i on o c c u r s when t he 
amp l i t u des o f t he two waves are equal and the phase 
difference takes values of e = -n/2 ± 2mn where m = 
0,1,2,3, etc. Then 
Eo x = Eo v 
.S.x ( z , t ) = _lEo x cos ( k z - W t ) 
..... (1.6) 
.l;,v ( z , t ) = _lEo v s i n ( k z - w t ) 
and £r (z,t) = Eox ( _lcos(kz- wt) + j_sin(kz- wt) ) 
which is the parametric equation of a c i r c I e. The above 
combination of the two beams has resulted in right handed 
3 
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circular polarization, since by convention polarization is 
right handed if the electric vector rotates clockwise with 
time1 when viewed along the direction of propagation. A 
phase difference of e = 11. I 2 ± 2mn. w i I I r e s u I t i n l e f t 
handed polarization. 
1.2 STOKES VECTORS OF A SIMPLE WAVE 
A mo r e g e n e r a I ex p r e s s i on de s c r i b i n g t h e e I e c t r i c 
vector based on equation 1.1 is 
..... ( 1 . 7) 
where 
Ex = ax . e- I e, • e- I • • + I tl t 
and ..... ( 1 . 8) 
E v = a v • e- 1 «1. • e- 1 b • + 1 tl t 
ax and av are the amp! i tudes and €t and €2 are the phases 
of the two components of the wave. The Stokes parameters 
of this wave are described as 
4 
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= Ex Ex 0 + Ev Ev 0 
Q = Ex Ex " - Ev Ev 0 
..... ( 1 . 9) 
U = Ex Ev 0 + Ev Ex 0 
V = i [Ex Ev 0 - Ev Ex 0 ] 
Simple manipulation leads to 
= ax 2 + av 2 
Q = ax 2 - av 2 
.... (1.10) 
U = 2ax av cos(8) 
V = 2 ax av sin ( 8) 
wh e r e a = e t - e 2 
Van de Hulst relates the Stokes parameters to the geometric 
parameters of an ellipse such that 
.... (1.11) 
and 
5 
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where a2 is the in tens i t y of the wave, tanP gives the 
rat i o of the I eng t h of the ma j or to the m i nor ax i s of the 
ellipse and is called the ellipticity, and the angle X 
gives the orientation of the ell ipse with respect to the x 
axis. These parameters are shown in figure 1.3. A more 
complete working of the above is found in van de Hulst, 
1981 . 
I, as already stated, measures the intensity of 
the wave. Q and U describe the state of 
polarization, Q representing the preference of 
vector for X = 0 or the ± Tt/2 directions, 
linear 
the ~ 
and U 
representing its preference for the X= ± Tt/4 directions 
(figure 1 . 4) . v measures the amount of circular 
polarization as is clear f r om a con s i de r a t i on o f the 
parameter P. When cosP equals sinP the ellipticity becomes 
unity and V = I. Both Q and U become identically zero and 
the light is completely circularly polarized. Conversely, 
f or c omp l e t e l y l i n e a r l y p o l a r i zed l i g h t , V must 
such that the ellipticity becomes also zero. 
be zero 
If a plane of reference is chosen other than that 
used here, then only x changes, so that I, (Q1 + u1 and V 
are invariant as should be expected. 
6 
Q y 
Figure 1.3 
Geometric parameters defining the state of 
polarization of an ellipticallY polarized 
wave.P and Q are the principle axes of the 
ellipse. 
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POLARIZED LIGHT 
1.3 STOKES PARAMETERS OF INCOHERENT LIGHT 
The usefulness of Stokes vectors is seen when the 
need to analyse incoherent beams of light arises. Here, 
the phases of the simple waves making up the beam are 
randomly distributed and interference effects between the 
beams tend to cancel out so that the resulting Stokes 
vector of t he be am i s j us t s imp l e add i t i on o f t he S t o k e s 
vectors of each individual wave, (van de Hulst, 1981) i.e. 
for a beam, 
I = l: ll 
. . . . ( 1 . 1 2 ) 
u = Iul 
V = IVl 
being received by a telescope is Since the 
incoherent 
l i gh t 
the Stokes vectors provide a way of 
parameterizing the light which is measured. 
For an incoherent beam of light it can be shown 
that 
.... (1.13) 
the equality only holding if all of the component waves 
7 
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have the same polarization. 
defined as 
The polarized 
I p = ( Q2 + ua + V2 ) 1 I 2 
intensity is 
.... (1.14) 
while the overall degree of polarization is defined as 
p = ( Q2 + U2 + V2 ) t I 2 I I = I p I I . . . . ( 1 . 1 5 ) 
The degree of linear polarization is defined as 
p = ( Q2 + U2 ) 1 I 2 I I .... (1.16) 
with an orientation, 8 of the plane of polarization to the 
x axis of 
8 = 0.5 tan- 1 ( UIQ ) .... (1.17) 
8 
CHAPTER 2 
INTERSTELLAR DUST 
2.1 INTRODUCTION 
Ever since Trumpler presented convincing evidence 
in 1930 f o r the widespread existance of dust throughout 
the plane of the galaxy, astronomers have attempted, with 
varying degrees o t success, to answer several fundamental 
questions. What is the dust made of ? How is i t formed, 
and how does it interact with the g a lac t i c en vi r o nme n t ? 
A large number of different mater i a l s with 
varying size distributions have been proposed as 
candidates for the dust and many, 1 i t the observational 
9 
data. Overall, all 
intractability of 
steady progress 
INTERSTELLAR DUST 
that has been demonstrated is the 
the problem we are facing. Even so, 
has been made towards developing a 
comprehensive picture of the physical processes at work in 
the i fe cycle of dust grains. 
It is clear now, that although the dust has a well 
defined distribution in the galaxy, the interstellar 
medium in fact presents a chaotic picture, with dust and 
gas distributed in clouds of widely varying density, 
location and physical conditions. Remarkably, there is a 
large degree of uniformity in the physical properties of 
the dust. 
2.2 EARLY OBSERVATIONS OF INTERSTELLAR DUST 
The first hint that the galaxy consisted of more 
than just stars came two hundred years a go when W i l l i am 
Hershel noticed a" hole in the sky He was observing 
part of the Rho Ophiuchi complex and saw regions of the 
sky apparently devoid of stars. He attributed this to the 
breaking up of theMilkyWay. It was not until 100 years 
later, with the advent of celestial photography, that a 
proper interpretation was made. Barnard (1889) attributed 
the 'holes' to the presence of obscuring dust clouds,which 
were blocking out the l i gh t of background stars. 
1 0 
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Confirmation of the presence of galactic dust came in 1912 
when Slipher 
nebulosity in 
i l l um i n a t i n g 
discovered that 
the Pleiades was 
the 
the 
spectrum of 
same as t h a t 
the 
0 f 
stars. Until 1930 the quest ion as to whether 
or not the intervening space between the clouds was empty, 
remained open. 
Trumpler compared I um i nos i t y distances t 0 open 
clusters as derived from their Hertzsprung -Russell 
diagrams, with distances calculated on the basis of their 
angular diameters. He was then able to show that the 
average colour excess of the clusters increased with 
distance, that i s ' t h a t s t a r I i g h t becomes p r o g r e s s i v e l y 
more reddened with increasing distance. These results 
provided convincing evidence for the presence 0 f an 
a b so r b i n g I aye r o f ma t e r i a I i n t he g a I a c t i c p l an e . 
The colour excess of a star, E(B-V), is the excess 
of the measured colour index (usually expressed as the 
(blue-visual) magnitude in the UBV system) over the 
expected intrinsic value for the star, which is based on 
its spectral type. Alternatively i t is defined as the 
difference in the extinct ions at two wavelengths, A1 and 
A2 such that 
..... (2.1) 
wh e r e t he ex t i n c t i on A ( >.. ) i s defined as the difference in 
the apparent magnitude of the reddened star and an 
1 1 
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unreddened star 0 f the same spectral type a t the 
wavelength A. 
Photo e I e c t r i c ph b tome t r y brought new d i s cover i e s . 
1934 saw the discovery of the diffuse interstellar bands 
by Mer r i l l , which still remain unexplained in detail. 
Only recently, Herbig (1975) published a l is t 0 f 39 
diffuse absorption features between 4430 A and 6850 A, 
with the strongest of these features being centred on 4430 
A and 6850 A. They are observed in the spectra of highly 
reddened stars and Herbig believes that they are 
interstellar in origin. 
New data aqui red in the visual (Hall, 1937 
Wh i t ford, 1948) demonstrated that the interstellar 
extinction is inversely proportional t 0 the wavelength, 
which implies that the grains responsible for this 
the extinction should have sizes the wavelength of 
visible light. Henyey and Greenstein (1941) after studying 
the light scattered by reflection nebulae, and also the 
diffuse galactic light, proposed that the grains were 
strongly forward scattering and of high albedo, the albedo 
of a particle being defined as the ratio of the scattering 
cross section t 0 the extinct ion cross sect ion. Mi e 
scat t e r i n g c a l c u l at i on s are now common l y used to c a l c u l a t e 
the properties of visual light after interact ion with dust 
grains. 
Lindbland (1935) led the field on ideas concerning 
1 2 
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the formation of the grains. He suggested that small 
particles could form by accretion of atoms in space. Van 
de Hulst (1943, 1949) took the idea of Lindbland and 
proposed that the three most condensable species, oxygen, 
carbon and nitrogen, could combine w i t h hydrogen and 
condense onto a sui table nucleus. The exact nature of 
this nucleation process is still a problem ) . His f in a l 
mixture was composed of water, ammonia and methane in the 
form of frozen grains. The mixture became known as 'd i r t y 
ice and the model implied that 1% of the material between 
the stars should be water. Such a high value for the water 
content mo t i v a t e d D a n i e l so n e t a l . , ( 1 9 6 5 ) a n d K n a c k e e t 
a l . , (1969) to search for the strongest of the ice 
absorption features which is that a t 3 J.J.m • To t h e i r 
sur p r i s e , the i r res u l t s i n the d i f fuse i n t erst e l l a r me d i um 
were neg a t i v e and gene r o us e s t i ma t e s co u l d on l y p l ace t he 
water content at 10% of that expected. Several years later 
however, the 3 feature was observed in the 
Becklin-Neugebauer object (Gillett et al 1973) which is 
a protostel lar object i n the 0 r i on mo l e c u l a r c l o u d . The 
i mp l i c a t i on s of this and many other subsequent 
observations will be discussed in some detail later. 
Exploration of the ultra-violet regime for any uv 
extinction law was initially severely hampered due to the 
h i g h a b so r p t i on o f u v r ad i a t i on by o u r a t mo s ph e r e . Ground 
based observations were misleading, suggesting a 
1 3 
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saturation in the extinction at 4 This would be 
e x p e c t e d , i r r e s p e c t i v e o f r e f r a c t i v e i n de x , f r om t h e l a r g e 
0. 1 11m par t i c l e s wh i c h were assumed t 0 produce the 
observed visual extinct ion (van de Hulst, 1957 ; Greenberg 
and Shah, 
atmosphere 
1969). However, observations above the 
using rockets (Boggess et al., 1964 Stecher 
1965) demonstrated a r i se in extinction into the uv. 
Stecher found the first structure in the curve which is 
now known as the 2 1 7 5 A ( 4 . 6 J.l.m- 1 ) bump . Ob s e r v a t i on s f rom 
the Orbiting Astronomical Observatory, (OA0-2) satellite 
(Bless and Savage 1970, 1972) confirmed and clarified 
Stechers results and showed that beyond the bump between 
5 . 8 a n d 6 . 2 J.l.m- 1 , t h e e x t i n c t i on be g a n t o r is e 
wealth of satellite data has shown that 
continues into the far uv and much attention 
again. A 
this 
has 
rise 
been 
given t o t he p o s s i b l e o r i g i n s o f t he s e two ma i n f e a t u r e s , 
namely the 2175 A bump and the far uv rise. 
Several averaged and normalized extinct ion curves 
showing the features described above, are given in figure 
2.1. The references for the various curves are given 
together w i t h an i n d i cat i on of how many stars were used to 
derive each curve. 
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Figure 2.1 
Normalized interstellar extinctions plotted 
· against 1/ }., . One abnormal uv curve is shown 
for CISco <Bless and Savage, 1972). 
(figure taken from Savage and Mathis,1979) 
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2.3 INTERSTELLAR LINEAR POLARIZATION 
lnterstel lar linear polarization was discovered 
accidentally during searches for intrinsic polarization in 
e a r l y t y p e s t e l l a r a t mo s ph e r e s ( H a l l and H i l t n e r , 1949). 
It became clear that whilst extinction may be observed in 
certain regions without polarization (Hiltner 1956), the 
converse was not t rue, thus inking the observed 
polarization with the dust. That there was a wavelength 
dependence of the polarization over optical wavelengths, 
(0.3- 1.0 pm) was first noted by Gehrels (1960). Opt i cal 
observations of thousands of early type stars showed that 
the degree of linear polarization is proportional to the 
extinct ion, with a canonical value 0 f 3% per visual 
magnitude of extinct ion (Mathewson and Ford, 1970). These 
observations also revealed a large degree of uniformity in 
the position angle of the polarization over extensive 
regions of the sky which implied that not only must the 
grains be 
at igned 
non-spher icat, 
in some way. 
but that 
Grain 
they must also be 
a l i gnmen t via 
paramagnet i c r e l ax at i on i n an i n t e r s t e l l a r magnet i c 
their 
f i e l d 
was postulated (Davies and Greenstein 1951) to explain the 
observed polarizations. 
A program to measure the wavelength dependence of 
1 5 
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the polarization and i t s relationship with the 
interstellar extinction was carried out by Coyne, Gehrels 
and Serkowski (1974). The resulting curves of polarization 
against wavelength showed a broad maximum which generally 
lay somewhere in the visual, with a steep fall off towards 
the longer wavelengths. The levels of polarization however 
were found to differ widely from star to star. In spite of 
this it was shown that for stars which had apparently very 
different polarizations, curves drawn of against 
were remarkably u n i 1 or m as shown i n 1 i g u r e 2 . 2 , 
and followed closely an empirical formula 
P (.A) I P" A x = ex p (- k . l n 2 (A I A" A x ) ) ..... ( 2. 2) 
where k i s 1 o u n d to be 1 . 5 and A11 A x v a r i e s t y p i c a l l y from 
0.45 11m to 0 . 8 11m ( S e r k ows k i e t a l . , 1 9 7 5 ) . The o r e t i c a l 
work has shown that P"Ax is related to the amount of 
extinction caused by the dust and the degree of alignment 
of the g r a i n s , wh i l e probably is related to the 
average size of the polarizing grains (Huffman, 1977). 
Serkowski also demonstrated that P11AX was well correlated 
to the r a t i o s of the co l our excesses i n t he UBVR spec t r a l 
regions, and that in fact the ratio 0 f t o t a l selective 
extinct ion, R, which is defined as 
R=A(V)IE(B-V) ..... ( 2. 3) 
i s r e l a t e d to A" A x such t h a t 
16 
0.5 15 
Figure 2.2 
The wavelength dependence of interstellar 
linear polarization. Each open circle is 
based on 20 stars,while each dot represents 
observations of individual stars with a 
particular filter. 
CFigure taken from Serkowski et al., 1975) 
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R=5.5AI<!AX ..... (2.4) 
Recently, the wavelength dependence the 
interstellar polarization has been observed 
of 
at near 
infra-red wavelengths (Wilking et al., 1980). When this 
data was combined with existing optical polarimetry, it 
was found necessary to modify Serkowski's formula.The data 
showed a progressive narrowing of the normalized 
polarization curve as the maximum wavelength increases to 
near infra-red wavelengths. Wilking allowed the constant k 
to become a free parameter and so extended Serkowski's 
formula to the infra-red. He found that k was directly 
r e l a t e d t o "" A x and t h a t i n c r e a s i n g k had the ef feet of 
narrowing the curve and visa versa. The wavelength 
dependence of the interstellar l in ear polarization from 
0 . 3 - 2 . 2 p.m i s now best des c r i bed by 
P(;\.)/Pr~Ax = exp(-1.17 AHAx. ln2 (Aux /;\.)) . . . . ( 2 . 5 ) 
Attempts to explain the narrowing of the curve with 
increasing AHA X , t 0 actual physical properties of the 
polarizing grains have met with numerous difficulties. The 
simplest explanation that could be found, ascribed the 
v a r i a t i on t o e i t h e r t h e g r a i n s b e com i n g mo r e s ph e r i c a l , a s 
the proportion of large grains present in the dust 
distribution increases, or that the range of sizes present 
decreases w i t h an i ncr e as i n g number of l a r g e g r a i n s . 
1 7 
INTERSTELLAR DUST 
The physical properties of the grains then have a 
strong bearing on the interstellar polarization and any 
interpretation of the extinct ion curve needs to take note 
of the constraints placed on them by the interstellar 
polarization and visa versa. 
2.4 ELEMENTAL DEPLETION 
Among the in i t i a l results from the far 
ultra-violet spectra obtained by the Copernicus satel i te 
were abundances relative to hydrogen for a number of 
elements in the interstellar clouds (Rogerson et al. I 
1973). Analysis of the data which consisted of the 
interstellar absorption ines of 5 reddened stars (s Per, 
a Cam,A Ori A,~ Oph and r Ara)(Morton et al.,1973), showed 
that several elements were depleted compared to solar 
abundances. 
Tab l e 2 . 1 g i v e s the co sm i c a bun dances of t he ma i n 
volatile and refractory elements (Cameron, 1973) and also 
the f r act i on a l amount s of at oms ( r e I at i v e to t he i r 
abundance) of the same elements 
interstellar gas towards Zeta Ophiuchi 
detected 
(Mo r ton 
cosmic 
in the 
e t a l . I 
1974). Note, the extinction spectrum of the Zeta Ophiuchi 
camp l ex i s t a ken as t y p i c a l of the i n t e r s t e l l a r me d i um. 
Clearly this scale of depletion must infer 
1 8 
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Table 2.1 
Element Number density Fraction of the cosmic 
c 
N 
0 
Mg 
Si 
Fe 
relative to H 
3.71 X 1 o-" 
1 . 1 8 X 1 o-" 
6.76 X 1 o-" 
3.34 X 1 o- 4 
3.14 X 1 o- 4 
2.61 X 1 o- " 
abundance detected in 
the ISM towards t Oph 
0.2 
0.2 
0.25 
0.03 
0.03 
0.01 
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something about grain format ion. I f there had been no 
previous knowledge of dust then t he s e r e s u l t s wo u l d have 
strongly pointed towards their existence. Since hydrogen 
was the only molecule detected in high abundance towards 
Zeta Ophiuchi, and even carbon monoxide, which is the most 
abundant molecule after hydrogen, could only account for 
0.1% of the expected carbon abundance (Morton e t a I . , 
197 4)' i t seems u n l i k e l y in t h i s case to f i n d the m i s s i n g 
mass tied up in molecules. So it was proposed that the 
heavy elements had been attached to the grains (van de 
Hulst, 1949 Spitzer, 1954). 
Even today, with the many theories concerning the 
nature and formation of the grains, there is s t i I I 
d i f f i c u I t y i n f u I I y account i n g for the m i s s i n g mater i a I . 
It may be hidden in the large particle end of a power-law 
distribution of grain sizes, since here the extinction per 
u n i t mass is very low, or a large numb e r o f as y e t 
unspecified molecules may exist. Another theory is that 
t he ma t e r i a I is in the form of comets and the observed 
de p I e t i on s may be mo r e c l o s e l y r e l a ted to the i r format i on , 
than that of grains (Greenberg, 1974,1982). 
1 9 
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2.5 THE DIFFUSE GALACTIC LIGHT 
The attenuation of the I ight from the stars is 
achieved through the scattering and absorption of the 
incident I ight by intervening material. Investigation of 
these two processes is yet another way of gaining valuable 
information concerning the grain material. The scattering 
of I i gh t from dust g r a i n s c omp r i s i n g the general 
interstellar 'haze', gives rise to the diffuse galactic 
I i gh t and its study has been valuable in determining the 
albedo, a, and the forward scattering ( o r asymmetry) 
factor, g, of the interstellar particles. g is given by 
g = < cos8 > ..... ( 2. 6) 
where e is the scattering angle (measured from the 
incident direction of the beam). g=O represents completely 
isotropic 
scattering. 
scattering 
Ob s e r vat ions 
obtained with OA0-2 
and g= 1 1 completely 
of the diffuse galactic 
have enabled Lillie and Witt 
forward 
I i gh t 
( 197 3' 
1976) to separate the extinct ion curve into absorption and 
scattering components as shown in figure 2.3, which has 
then allowed the grain albedo and asymmetry factors to be 
deduced. The values obtained for the albedo and asymmetry 
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Figure 2.3 
The mean observational extinction curve <Savage 
and Mathis, 1979) showing the contributions 
from absorption and scattering (Lillie and 
Witt,1976) 
<Figure taken from Whittet, 1981) 
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factors at different wavelengths are displayed in figure 
2.4. The data clearly shows the extinct ion bump at 2175 A 
to be caused by absorption processes since i t coincides 
with the albedo minimum at a = 0.35 ± 0.05. The albedo 
increases to 0.7 ± 0.1 at wavelengths beyond 3000 A and to 
0.6 ± 0.05 a t wavelengths shorter than 1550 A. The 
asymmetry factor lies between 0.6 and 0.9 f o r the whole 
wavelength range investigated, indicating 
interstellar grains are strongly forward scattering. 
The interstellar extinction curve has been 
vital importance in furthering our understanding 
that 
0 f 
of 
i n t e r s t e l l a r d us t . The c u r v e w i l l now be d i s cussed i n some 
de t a i l starting with the visible part of the extinction 
curve and continuing to the uv and ir regions. 
2 1 
I.O'r-------r----""T""""----r------, 
.10 
0~---~----~----~~----J 
.I .2 .3 .4 
WAVELENGTH (J.L] 
Figure 2.4 
The albedo,a, and asymmetry factor,g, plotted 
as a function of wavelength. The values of 9 
are indicated above the corresponding error 
bars for a. The uncertainties in 9 are of the 
order of ±. 0.15. 
(figure taken from Lillie and Witt, 1976) 
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2.6 STRUCTURE OF THE VISUAL PART OF THE EXTINCTION CURVE 
The general form of the visual part of the 
extinction curve has provided astronomers with information 
concerning the sizes of interstellar grains. The origin of 
the diffuse and broad band structures within the curve 
still remains a point of debate. It seems likely however 
that they provide information concerning the composition 
of the grains and the interstellar gas. 
The visual extinction is roughly inversely 
proportional to the wavelength, with the extinction rising 
slightly towards the blue. It is generally believed that 
the size of the particles causing the extinction are of 
the same order as the wavelength of l i gh t . Sma l l e r 
particles would come into the Rayleigh scattering regime 
wh e r e the ext i n c t i on wo u l d f o l l ow a law and much 
larger particles would lead to a wavelength independent 
extinction ('grey' extinction). Greenberg (1968) showed 
that highly absorbing very small grains would have a A- 1 
law, but Purcell (1969) placed constraints on the mass 
density of such extinguishing matter that would be needed 
to produce the observed extinct ions. The number of atoms, 
free molecules and free electrons that would be required 
was found to be far too high for the interstellar medium, 
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so this idea was ruled out. 
The most notable 'feature' of the curve is an 
apparent change in 
spec t r um a t 2 . 3 flm- 1 • 
the slope of the blue part of the 
This has been shown quite adequately 
(Hayes et al 1973) to be a natural consequence of having 
a size distribution of grains in the interstellar medium. 
Really, the general extinction curve in this waveband only 
tells us information concerning the general size of the 
grains, since a suitable size distribution usually enables 
a fit for many different grain materials. 
2.6.1 BROAD BAND STRUCTURE IN THE VISUAL EXTINCTION CURVE 
Hayes has demonstrated the existence of very broad 
band stuctures 
shown in figure 
responsible f o r 
up to 1000 A wide in the curve. They are 
2.5. 
the 
Hayes proposes t h a t grains are 
structures and in particular, that 
imp u r i t i e s i n t he g r a i n s cause t he b r o ad bands . P r e d i c t i n g 
then that the same structure should be observed in the 
wavelength dependence of the interstellar polarization, 
Hayes awaited further observational data. This came in 
1 9 7 4 and i s shown i n f i g u r e 2 . 6 ( Ma v k o , 1 9 7 4 ) . 
In 1977, Hut fman compared the broad band 
structures with structures in the ext i net ion curves of 
magnetite, a C1 meteorite (Orgueil) and a C2 meteorite 
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Very broad band extinction against 1/ h. The solid 
line is a theoretical curve of the interstellar 
extinction derived using an appropriate absorptivity 
for the grains. 
(figure taken from Hayes et al., 1973) 
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A very broad band structure in the linear polarization 
curves for several stars. 
(figure taken from Mavko et al., 1974) 
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(Murch i son ) . Both mag n e t i t e and or g u e i l 
qui t e a large amount of mag n e t i t e) , 
(which contains 
had broad band 
structures similar to those in the extinction curve and 
led Huffman to propose magnetite as responsible for the 
broad band structure. 
2.6.2 THE DIFFUSE ABSORPTION BANDS IN THE VISUAL 
EXTINCTION CURVE 
The origin of the diffuse bands in the visual 
region remain l a r g e l y a mystery . Prom i n en t the or i e s are 
that the bands or i g i nate i n very sma l l g r a i n s (Andr i esse, 
1977), in imp u r i t i e s in the host particles (Purcell and 
Shapiro, 1977), in metallic oxide surface transitions 
(Duley et 
al., 1977). 
a l. , 1979) o r i n g a s eo us mo l e c u l e s ( Sm i t h e t 
In order to separate the theories, correlations 
between diffuse band strengths and various interstellar 
grain extinction parameters have been eagerly sought. The 
latter have consisted in the main of the strength of the 
2175 A bump in the uv and the measured colour excesses. 
Diffuse band strengths are defined 
E(A-V)/E(B-V) ..... ( 2. 7) 
where A is the wavelength of a given diffuse band. The 
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2175 A bump strength is defined as 
EOPEAK )/E(B-V) ..... (2.8) 
and is the height in magnitudes of the 2175 A bump peak 
above a straight base I i ne drawn be tween 3000 A and 1700 A 
on a nor rna l i zed 1 I A p l o t . 
Many cor r e I a t i on s have been f o u n d , although some 
discrepancies exist. Wu, York and Snow ( 1 9 8 1 ) f i n d the 
strength of the 4430 A band correlates equally well with 
the 2175 A bump strength and the colour excess E(B-V), 
wh i I e Do r s c h n e r , F r i e dma n and Gu r t I e r ( 1 9 7 7 ) f i n d the 4 4 3 0 
A band much better correlated with E(B-V) than with the 
bump. 
A pro b I em w i t h t h i s wo r k i s t h a t a I most any two 
parameters will correlate to some degree due to the 
relatively constant gas to dust rat i o throughout the 
galaxy (Bohlin et al., 1978). Seab and Snow (1984) have 
tackled this problem and look f or correlations after 
taking account of the above inherent dependence. They find 
that there are no correlations other than a weak one 
between the 4 4 3 0 A d i f fuse band and the 2 1 7 5 A bump . T h i s 
would seem to support proponents of a molecular gaseous 
origin for the 5780 A and the 6284 A bands. 
Seab and Snow f in d a complicated correlation 
pattern between the 4430 A band and the 2175 A feature. In 
regions where the grains possess mantles (Snow and Seab, 
25 
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1980 ; Goebel, 1983) the observed bump structures and the 
diffuse band a r e weaker than norma l . The band i s s t ron g 
when observed along lines of sight where the gas and dust 
the temperatures are high. However, in such regions 
strength of the 2175 A feature is shown to vary greatly. 
Douglas (1977) showed that semi-detached or 
impurity isolated carbon chains on a disordered surface 
would absorb radiation at 4430 A. This led Seab and Snow 
to propose that 
4430 A band with 
surfaces in 
argue that 
the 
the 
graphite grains are the carriers of the 
the band originating a t disordered 
same way as described by Douglas. They 
above mechanism can explain the 
correlations. In regions where the grains possess mantles 
it would be expected that the strength of both features 
would be reduced since the above mechanism would be 
suppressed by the mantles. In higher temperature regions 
however, where there are shock waves and other energetic 
processes increasing the disorder at the grain surfaces, 
i t would be expected that the band strength would be 
enhanced, w i thou t n e cess a r i l y a f f e c t i n g the bump 
at a 1 l . 
26 
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2.7 STRUCTURE AND INTERPRETATION OF THE ULTRA-VIOLET 
EXTINCTION CURVE. 
The extinction curve in this part of the spectrum 
has two ma i n f e a t u res , the ext i n c t i on bump at 2 1 7 5 A and 
the far uv rise. 
2.7.1 THE ULTRA-VIOLET EXTINCTION FEATURE AT 2000 A 
This bump is the most outstanding feature of the 
entire extinction curve. Its profile is fairly symmetrical 
w i t h FWHM 4 8 0 A (Savage, 1 9 7 5) , t h i s value be i n g somewhat 
dependent on the chosen baseline. The strength of the 2175 
A ext i n c t i on has been shown to be very we l l correlated 
with the visual extinction throughout the galaxy, the 
correlation being demonstrated in figure 2 . 7 . The clear 
imp l i cat i on then , i s that the feat u r e must be i n t e r s t e I I a r 
in origin, and that either the same grains are responsible 
for both extinctions or, if the grains are different, then 
they must be very well mixed and maintain their relative 
proportions throughout a large variety of different dusty 
environments (Savage, 1975 Nandy et a l . , 1975 
Dorschner et al., 1977). 
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No theory concerning the origin of the feature is 
totally secure. Gi Ira (1972) was the first to propose that 
very sma I I par t i c I e s of graph i t e w i t h sizes 0.01 JJ.m 
could explain the bump and t h i s t he or y has w i t h v a r i o us 
add i t i on s and ref i n eme n t s to the basic model, so f a r 
withstood t he t e s t o f t i me . Many o t he r c a n d i d a t e s such a s 
silicates (orthopyroxene) (Huffman et al., 1971), colour 
centres in irradiated quartz and absorption by 
hydrocarbons have been proposed at various times and 
subsequent I y shown to be i n ad e qua t e . The s i l i cat e s were a 
good example of how a material can be made to f i t the 
extinct ion, using Mie calculations and a suitable size 
distribution, but they were shown to be unlikely by Bless 
and Savage , 1 9 7 2 ) . G r a ph i t e i s s t I I t he ma i n con t end e r i n 
attempts to explain this feature. 
The ma j or pro b I em w i t h t he graphite theories is 
that the position of the extinction maximum and the shape 
o f t he who l e f e a t u r e does no t change . T h i s i s ex emp I i f i e d 
in the recent results of Massa et al., (1983). Using the 
International Ultra-Violet Explorer (IUE), Massa observed 
stars which were known from ANS (Astronomical Netherlands 
Satellite ) data to have peculiar extinct ions. Even for 
such a set of stars neither the posi ion nor the shape of 
the 2175 A feature was found to vary. However, the 
v a r i at i on of the c omp lex ref r act i v e i n de x of g r a ph i t e n e a r 
the resonance, which lies in the region of 2200 A, is so 
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that its wavelength dependence is very 
t 0 par t i c I e par a me t e r s such as s i z e , shape and 
presence or absence of coatings and this clearly causes 
problems when trying to explain the invariant features of 
the interstellar extinct ion bump. Detailed discussion of 
this problem is found in a review article by Savage 
(1975). 
The above problem led Mathis 
propose theoretical grain mixtures 
graphite, enstatite, olivine, si I icon 
a I . (1977) to e t 
of combinations of 
carbide, i ron and 
magnetite, using up to three at a time, to explain the 
e x t i n c t i o n c u r v e 1 r om t h e i r t h r o u g h to the uv. Cosmic 
abundances 
constraints 
of 
on 
the 
the 
various 
possible 
elements were used as 
distributions of the 
mater i a Is. Their grains were found to require a power-law 
distribution of sizes to obtain the best fits. All of the 
possible mixtures needed graphite to reproduce the bump. 
The good fits obtained by many combinations in the visual, 
served to demons t r a t e t h a t i n t h i s band, the ext i n c t i on i s 
relatively insensitive to the refractive index. They 
finally proposed a mixture of graphite and si icates, with 
a size distribution as 
n(a) a a- 9 ..... (2.9) 
where n (a ) d a i s the number dens i t y of par t i c I e s w i t h r ad i i 
in the range (a, a+da), and 0.005 IJ.m <a> 1 IJ.m. The power 
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index, q, varied between 3.3 and 3.6 for spheres. The 
graph i t e made a I a r ge con t r i but ion to the 2175 A bump 
wh i I e the si I icates did the same for the far uv 
extinct ion. Excellent fits were obtained using uncoated 
grains. 
2.7.2 ~T~H~E~~F~A~R~--~U=L~T~R~A~-~V~I~O~L~E~T~--~R~I~S~E~~A~N~D~--~I~T~S 
RELATIONSHIP WITH OTHER EXTINCTION FEATURES 
F o I I ow i n g the s I i g h t depress i on i n the curve a f t e r 
the bump, f r om 5 . 6 1.1.m- 1 t 0 6. 2 /.lm- 1 there is rise in 
extinction into the far uv. Data now being reduced from 
IUE and ANS satellites are providing much needed 
i n forma t i on on t h i s par t of the spec t rum. Recent results 
have confirmed the long held suspicion that,to quote Massa 
(1983), ' p e c u I i a r u I t r a- v i o I e t ex t i n c t i on i s common ' . 
Meyer and Savage (1981) find that the dust towards 
many s t a r s ex h i b i t s p e c u I i a r u v ext i n c t i on s . They f i n d 
-'I/ 
E(A)/E(B-V) in samples of norma I i zed ext i n c t i on curves 
d i f fer i n g by ± 2 a t the ext i n c t i on bump or at 1 50 0 A . 
They also note that the far uv extinct ions appear to be 
totally independent of the 2175 A bump. Krelowski and 
S t r o b e I ( 1 9 8 3 ) p r e s e n t e x t i n c t i o n c u r v e s f r om S c 0 0 B 2 a n d 
P e r OB 1 ass o c i a t i on s us i n g AN S d a t a . They f i n d t he f a r u v 
extinctions to be independent of E(B-V) in each 
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associ at ion. 
Mass a e t a l . , ( 1 9 8 3) f i n d that for t he i r s amp l e of 
s t a r s , the observed variations of the far uv extinction 
with wavelength, separate out into two classes, which are 
those where the ext i n c t i on s a r i s e f rom c l ear f i e l d s ( i . e . 
extinction is produced by the diffuse cloud medium), 
and those where the extinction is almost entirely due to 
local !zed regions of hot gas and dust, 
The present data points towards one thing. There 
is a need to i n vest i g a t e s amp l e s where the ext i n c t i on i s 
produced by similar environments. This would show whether 
or not the lack of correlation of the far uv rise with 
e i the r the 2 1 7 5 A bump or the colour excess, E(B-V), is 
simply an artifact produced by observing the extinct ion 
through widely differing en v i r o nme n t s, where the grains 
r e s pons i b l e f or t he ex t i n c t i on may be seve r e l y mod i f i e d by 
processes such as growth and radiation pressure, and 
destruction processes such as sputtering etc. The need 
to avoid complications in such a wealth of data is clearly 
imp e r a t i v e . 
Greenberg and Chlewicki (1983) used 
stars on the verge 
placental cloud (Lada 
0 f 
e t 
emerging totally 
a l . , 1978). Having 
early 
from 
type 
their 
carefully 
selected their sample so as to minimize local interstellar 
contributions they used the IUE satellite to aquire 
extinction data from the diffuse cloud medium to a depth 
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of 3 kpc. A very high degree of uniformity in the shape of 
t he ex t i n c t i on c u r v e f r om 1 7 0 0 A t o 1 3 0 0 A w a s f o u n d , t he 
standard deviation from the curvature for 17 stars being 
only 0.07 magnitudes (which is less than the errors on the 
data). The data also showed that the f a r uv r is e is 
totally uncor related with the 2175 A bump, which in turn 
is correlated with the colour excess in the vi sua I, 
E(B-V). 
On the basis of their results, Greenberg and 
Chlewicki proposed that the far uv extinction curves all 
have the same functional form, even though there is a 
substantial variation by as much as a f a c t o r of 3 i n t he 
relative strength of the 2175 A feature and the f a r uv 
extinction. Consideration of their f i n dings I e d them to 
conclude that totally separate populations of grains must 
be responsible for these extinction features. 
Further to this, Greenberg and Chlewicki proposed 
that bot h pop u I a t i on s mu s t have ex t i n c t i on c r o s s sec t i on s 
wh i c h a r e s i z e i n dependent and t h a t t h i s i s a c h i eve d when 
the particles are such that the extinction is by 
absorption only i.e. there is no scattering. I f graphite 
based particles are to be held responsible for the bump 
and silicate based particles for the far uv rise, then on 
the basis 0 f t h i s theory, they must be I i m i ted to s i z e s 
which are less than 0.01 IJ.m. The conclusion of this work 
was that sma I I particles ( < 0. 0 1 11m) o f some s i I i c a t e 
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based and graphite-like substances are required to explain 
the uv features. 
2.8 STRUCTURE AND INTERPRETATION OF THE INFRA-RED REGIME 
The study of the interstellar extinct ion curve was 
f i r s t extended into the i r by Hall, (1937) in his 
photoelectric investigation of t and € Persei His 
o b s e r v a t i on s e x t e n d e d t h e c u r v e t o 1 JJ.m a n d a r e l a t i o n o f 
the form 
~m( A) a >.- 11 .... (2.10) 
was fitted to the observations. Although a coefficient of 
a=1 fits adequately, a mo r e a c c u r a t e f i t r e q u i r e s a t o 
i n c r e a s e f r om 1 . 2 i n t he v i sua l t o 1 . 6 in the i r . The 
extension of the curve to wavelengths longer than 1 J.i.m- 1 
was accomplished by Whitford (1948, 1958). The variation 
of the extinction with wavelength beyond 0.8 f..lm- 1 was 
found to be no longer inear and the curvature 
corresponded much more to Rayleigh, 1/A'tscattering. As 
with the visual extinct ion curve, the overall structure in 
the i r predominantly i mp a r t s i n f o r ma t i on con c e r n i n g t he 
sizes of the grains. However, spectral features of the 
curve h a v e p r o v e d v e r y i mp o r t a n t . I n f a c t on e o f t h e mo s t 
direct ways to study the chemical nature of the dust in 
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the i n t erst e l l a r me d i um i s through i r spectroscopy. Such 
study also a f for d s to us much i n forma t i on con c e r n i n g the 
evolution of the dust in differing en v i r o nme n t s, and has 
made clear in no uncertain terms that the nature of the 
grains and their interaction with the interstellar gas is 
by no means simple. This has led to some workers carrying 
out laboratory simulations of dust 
medium in order gain a more detailed 
chemical interactions taking place. 
in the interstellar 
understanding of the 
2.8.1 DUSTY ENVIRONMENTS IN THE GALAXY 
There are several types of dust environments in 
i r observations are important: for example, many which 
stars possess c i r c ums t e l l a r dust which when heated 
radiates thermally in their so making investigation of 
such stars very profitable indeed. 
The term 'diffuse cloud medium' refers to dust 
which is not i mme d i a t e l y ass o c i ate d w i t h any par t i c u l a r 
source. It displays remarkably uniform characteristics 
throughout the galaxy and has dust temperatures which are 
very low, typically 10K (Greenberg, 1971). These 
temperatures are far too low to cause radiation of energy 
into their and the effect of this diffuse dust, as far as 
i r radiation is concerned, l i es in the absorption and 
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scattering of the incident ir radiation. 
In the cores of very dense dust clouds, in regions 
associated with embedded OB stars and in visible HII 
regions, both emission and absorption features have been 
observed at various ir wavelengths. The nature of these 
features have been found to be strongly dependent on the 
physical en v i r o nme n t where they are for me d . The r ad i a t i on 
f l u x i s very much r educed by a t t en u a t i on i n these clouds 
so that the density of photons is often less than that of 
the atoms and molecules in the cloud. (The converse is 
true in the diffuse cloud medium. Temperatures of the 
dust are typically 50-100 K near very energetic embedded 
sources. These clouds contain not only dust but many 
c omp l i c a t e d gaseous o r g an i c a n d i no r g an i c mo l e c u l e s , t he 
f i r s t of these discovered being formaldehyde 
(Snyder et al., 1969). The number now detected is at least 
60, the most abundant of these being carbon monoxide. 
These molecules have largely been detected through radio 
measurements but their mention in a section on ir data is 
warranted since, as will be seen, they may 
part to play in the evolution of a grain. 
have 
Discussion will now be concentrated 
a large 
on the 
spectral features of the i r part of the ext i net ion curve 
and on t he i n forma t i on they have pro v i de d . 
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2.8.2 SPECTRAL FEATURES IN THE INFRA-RED 
A summa r y of the p r i n c i p a l spec t r a l features wh i c h 
have been observed in their is given in table 2.2. The 
table indicates the wavelength on which the features are 
centred, the types of environment where each feature has 
been observed, and states whether the feature was observed 
i n em i s s i on or a b so r p t i on . 
2.8.3 THE 3.1 um FEATURE 
T h e 3 . 1 flm a b so r p t i on b a n d a t t r i b u t a b l e to solid 
water is, with few exceptions, only seen in spectra of 
sources associated with dense molecular clouds (Aitken 
1981). It was f i r s t detected in the Becklin-Neugebauer 
object (Gillett et al., 1973) whose ir spectrum is shown 
in figure 2.8. Subsequently it was observed in molecular 
clouds (Merrill et al., 1976), HI I regions (Soifer et al., 
1979 Willner e t a l., 1979) and a highly obscured ir 
source in the Corona Australis dark cloud ( Wh i t t e t and 
Blades, 1980). No ice bands of any kind have ever been 
observed in the diffuse cloud medium. 
A number of other minor a b so r p t i on and em i s s i on 
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3. 1 
Emission/ 
Absorption 
Source 
Table 2.2 
absorption Seen only towards sources associated 
with dense molecular clouds such as the 
Beckl in-Neugebauer object. 
3.3 & emission 
3.4 
HI I regions in the Or ion nebu Ia and M17. 
Later seen in GL437 which is a cluster of 
young stars embedded in optical nebulosity 
3.4 absorption Diffuse cloud medium and infra-red sources 
associated with HII regions. 
6 . 2 , em i s s i on First seen in spectra of infra-red sources 
HD 44179, NGC7027 and M82.Now observed 
widely from many sources. 
7.2 & 
11 . 3 
9.7 absorption Beck I in-Neugebauer point infra-red source in 
Orion. This is 8 very heavily reddened 
protostar. The feature also was seen in the 
Kleinmann-Low nebula complex which is situated 
near the Beck I in-Neugebauer object. 
9.7 emission Diffuse, circumstellar envelopes around cool 
giant oxygen rich stars. 
20.0 emission As for 9.7 JJ.m emission 
First Observers 
Gillett et al. 1973 
Grasdalen and Joyce, 1976 
Kleinmann et al. 1977 
Willner et al. 1979 
Au sse l l e t a l . 1978 
Gillett et a l . 1973 
Woolf and Ney, 1969 
Forrest et a l. 1979 
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Figure 2.8 
Spectrum of the Becklin-Neugebauer star in Orion. 
The 3.07 }Jffi band is attributed to water-lee and 
the 9. 7 ).Jm feature is attributed to the Si-0 
stretching mode in silicates. 
x's mark the average of 11" beam observations 
e's mark the average of 22" beam observations 
+'s mark the average of 11" and 22" beam observations 
<Figure taken from Gillet and Forrest,1973) 
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features have been seen in some spectra which could be 
connected to the ice (Willner et al., 1980: Aitken, 1981) 
although surface groups as described above have also been 
proposed as the possible cause. 
2.8.4 THE 3.3 um AND 3.4 um FEATURES 
The 3.3 ~m and 3.4 ~m features were first observed 
in emission in Hll regions in Orion and M17 by Grasdalen 
and Joyce, 1976. The 3.4 ~m feature was observed in 
absorption in the spectra of highly reddened stars 
( W i l l n e r e t a l . , 1 9 7 9 : W i c k ram as i n g he and A l len, 1980). 
I t had been shown ear l i e r t hat a 3 . 4 ~m f e a t u r e co u l d be 
explained by resonances in the C-H bonds of organic 
mater i a l (Duley and Williams, 1979), and the feature in 
all has provided support for an organic component in the 
interstellar medium. Both features have since been 
observed in emission in many other objects such as 
planetary nebulae, HII regions and galactic nuclei (Dwek 
et al., 1980 and references therein). 
Duley and Williams (1981) propose that both the 
absorption features seen at 3.4 ~m and the emission 
f e a t u r e s s e e n a t 3 . 3 ~m a n d 3 . 4 ~m a r i s e from sma l l 
quantities of surface groups bound chemically to active 
sites on the surface of carbon particles (this proposal is 
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backed up t o some ex t en t by t he f a c t t h a t t he em i s s i on i s 
particularly strong in e-rich objects (Aitken et al., 
1 9 7 9) ) . D u l e y and W i l l i ams make the a ssump t ion that the 
carbon 
from a l 
groups. 
particles are not coated with mantles and are free 
other chemical species other than the surface 
They propose t he a r om a t i c CHJ group to account 
for the 3.4 jJ.m feature, while aromatic CH groups,which are 
formed at higher temperatures, account for the 3.3 11m 
feature. This is consistent with the feature seen being 
only in emission towards b r i gh t 
suggest 
ir sources. Duley and 
Williams also tentatively that other surface 
groups could be responsible for many other observed i r 
features, such as aroma t i c ami nes which could 
produce observed emission at 6.2 and 7.2 11m. 
2.8.5 THE 9.7 AND 20.0 Mm FEATURES 
The 9.7 jJ.m feature was first observed in 1973 in 
absorption towards a new strong i r source found in the 
Orion nebula and known as the Beck l i n-Neugebaue r object 
(Gillett et al., 1973). It has subsequently been observed 
i n many i r sources (Mer r i l l , 1 9 7 6) and i s be l i eve d t 0 be 
due to the Si-0 stretching mode in silicates. This 
explanation however predicts that another related feature 
should be seen a t 2 0 11m . T h e s u b s e q u e n t o b s e r v a t i o n o f 
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this feature in the spectra of 10 cool, giant oxygen-rich 
stars by Forrest e t a l., (1979) seemed to confirm the 
silicate 
material 
presence 
s t i l l 
observations have 
although the exact 
remains unknown. The 
been obtained using 
nature of 
best f i t s 
amorphous 
the 
t 0 
or 
hydrated silicates (Dorschner et al., 1980). In fact, the 
observation of both these features in the envelopes of the 
oxygen-rich stars has caused Dyke and Longsdale, (1981) to 
argue for the production of silicate grains in 
envelopes. 
the dusty 
There are however several serious threats to 
silicate identification. Millar and Duley (1978) show that 
m i x t u r e s o f s i l i con and mag n e s i um ox i des display simi l a r 
characteristics at the same wavelengths as the silicates. 
Hoyle and Wickramasinghe (1980) propose that 
polymers such as polysaccharides and other organic 
towards compounds provide better fits to the ir spectrum 
the dusty source OH26.5+0.6 than silicates. The major 
objection to this theory is that Hoyle and Wickramasinghe 
are attempt in g to fit the features of oxygen rich stars 
where no organic molecules have yet been detected. Also 
the 9.7 ~m feature has not been observed in the spectra of 
carbon stars which would provide a more favourable s i t e 
for organic molecule format ion. The Hoyle model also has 
difficulty with the general lack of the 3. 1 ~m water 
feature towards highly obscured sources. 
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2.8.6 THE 11.3 gm FEATURE 
This feature was first observed in emission in the 
c i r c ums t e l l a r features of carbon stars and was attributed 
thermal emission from small carbonate dust grains (Gillett 
et a l 1973). G i l r a ( 1 9 7 3 ) attributed the features 
directly to silicon carbide. Observations of many i r 
sources such as CRL437 (Kleinmann et al., 1977), NGC253 
(Gillett et al 1975) and CRL3058 (Gillett et al., 1978) 
to name but a few have resulted in positive identification 
of this band. Duley and Williams (1981) again show that 
t h e a r om a t i c CH g r o up a t t a c he d t o a c a r bon co r e p a r t i c I e 
as discussed above could provide an alternative origin. 
2.8.7 INTERACTIONS OF THE 
GAS 
INTERSTELLAR DUST AND 
The discovery of formaldehyde in the interstellar 
gas coupled with the suggestion in 1973 by Greenberg, that 
the negative ice results towards the highly reddened stars 
CIT I I and VI Cygni 12 could be due to the break up of 
d i r t y ice mixtures by ultraviolet photolysis, caused 
speculation that the two apparently unconnected events may 
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be related. In fact, Greenberg went so far as to propose 
that an equi I ibr ium between the molecules observed in the 
gas phase, and those on the grains could be 
maintained by the 
accreted 
sporadic release of chemical energy 
stored on the grains in the form of frozen radicals. These 
are produced in the mantle by photolysis.Previous to this, 
work 
the 
had been 
production 
carried out in laboratories demonstrating 
of complex molecules by the photolysis of 
low temperature sol ids (Hallam, 1973 : Miller, 1953). This 
work provided t h e mo t i v a t i o n to car r y out laboratory 
ex per i men t s to i n vest i gate the photoprocessing of d i r t y 
ice mixtures under interstellar conditions. The laboratory 
design used by Greenberg and his workers is well described 
by Hagen et al. ,(1979). The overall conclusions of the 
work will be discussed here. 
Consider a dirty ice grain with a size 0. 1 IJ.m. 
Sufficiently energetic uv photons have no difficulty 
penetrating the grain and breaking the molecular bonds 
(Greenberg, 1978), as demonstrated in f i g u r e 2 . 9 a . An 
ultraviolet photon with an energy of 4ev or more could 
cause the p r o d u c t i on of t he h y d r ox y l ( OH- ) r ad i c a l wh i c h 
may become 'frozen into the grain due to the low 
temperatures. Alternatively, with radicals being very 
react i v e, they may comb i n e w i t h other r ad i c a Is to form new 
molecules 
subject ion 
as 
to 
demonstrated 
ultraviolet 
in f i gu r e 
radiation 
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Figure 2.9 
(a) 
~ 
(c) 
(b) 
CH3~ ONH2 
CH 3 
" ' ~'
OH 
Schematic evolution sequence far grain mantles which 
are subjected to uv photolysis at low temperatures. 
The processes illustrated are phatadissaciatian, 
radical-radical combination and production of new 
molecules and radicals. 
<Figure taken from Greenberg, 1983) 
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product ion of yet more new molecules and 
(figure 2.9c). 
frozen 
If enough free radicals are stored on a 
radicals 
g r a i n , a 
triggering event such as a grain collision could lead to a 
chain reaction, in which the heat generated by radical 
reactions could f r e e other radicals. This would then 
enable them to diffuse away from the carrier grains and 
f i nd other f r e e r ad i c a l s w i t h wh i c h to react . Ex per i men t s 
of such grain explosions have shown that the most l ike l y 
molecule to form from such r e comb i n a t i on s is in fact 
formaldehyde. 
The possibility of the above 
taking place in space has been 
sequence of 
demonstrated 
events 
using 
laboratory techniques. In addition, the ex p e r i men t s have 
shown that extensive photoprocessing results in a 
nonvolatile residue being deposited around the original 
core particle (assumed to be silicates) (Greenberg, 1983). 
The composition of the mantle was found to be dependent on 
the in i t i a l composition of the dirty ice. The spectra of 
these laboratory produced grains have been found t 0 
contain all the major infrared features which have been 
observed in emission and absorption (Allamandola e t a I . 
1978 All amando l a e t al., 1979 
Hagen et al 1983). 
Further 
photoprocessing 
support f o r the 
the of grains in 
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comes indirectly from the calculation of the time required 
f o r such photoprocessing. For an u v f l u x of 1 0 8 em- 2 s- 1 
for photons with energies greater than 6ev (typical of the 
d i f f use c l o u d me d i um) , t h i s t i me i s f o u n d t o be on l y abo u t 
200 years. This value, when compared to 108 years (which 
i s the est i ma ted l i f e t i me of i n t e r s t e l l a r d i f fuse c l o u d s) 
strongly suggests that an ice grain would stand l i t t l e 
chance of remaining chemically static 
cannot 
in such a harsh 
environment. Without a doubt one expect to see 
water absorption features in such a harsh environment. 
Only the tough nonvolatile mantle could be expected to 
survive the l i f e i n the d i f fuse c loud me d i um and one can 
on l y expect g r a i n s i n the d i f fuse c loud me d i um 
des t r u c t i on and not growth . 
These interstellar clouds can become 
to 
dense 
suffer 
by a 
variety of processes, perhaps via cloud-cloud col isions 
or by some external source of pressure (Kwan et al., 1979 
Scov i l l e e t a l . , 1 9 7 9 ) . U l t i ma t e l y i n s t a b i i t i e s c a use 
the in i t i a l l y diffuse cloud to contract, eventually 
leading to star format ion (Woodward et al., 1978 Bash et 
al., 1979)). It is only in the dense cloud stage, when the 
u l t r av i ole t flux is much reduced that atoms and molecules 
could accrete to the grains. It is known that the grains 
in molecular clouds are larger than those in diffuse 
clouds from measurements of the wavelength dependence of 
the extinction and polarization (Greenberg, 1978). The 
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diffuse cloud grains contain a lower proportion of the 
available oxygen than of the carbon and nitrogen (De Boer, 
1980 Greenberg, 1982). I t would therefore not be 
unreasonable t 0 assume t h a t t he man t l e s a c c r e t e d i n t he 
dense clouds would be super-abundant in oxygen and that a 
very ikely form for it to take is water ice on the grain 
mantle. 
Exactly what happens to the grain mantle 
structures depends very much on how the grains evolve from 
the mol e c u l a r c l o u d, through the pres t e l l a r to the ear l y 
p r o t o s t e l l a r ph a s e . D u r i n g t h e e a r l y mo l e c u l a r c l o u d ph a s e 
i t would seem l ike l y that the grains would tend to 
maintain a steady state size distribution based on an 
equi ibrium between grain growth and grain explosions. As 
the cloud approaches the f in a l stages of collapse the 
ultraviolet radiation is d r am a t i c a l l y reduced and the 
grains would be expected t 0 accrete probably all the 
remaining condensable canst ituents from the gas. Those 
grains f a r enough away from the protostar to be shielded 
f r om d e s t r u c t i o n b y e v a p o r a t i o n b y t h e s t e l l a r radiation, 
may be cool enough to maintain their water mantles for 
some time. The above theory is supported by observations 
of the Beck l i n-Neugebaue r object where the em i t ted 
radiation is heavily reddened and may be attenuated by as 
much as 
Purcell, 
70 magnitudes in the visible 
1973). The grains observed here 
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than in the diffuse cloud medium. The molecular cloud has 
reached the protostellar phase and there is a strong 
continuum infrared source. The ice band has 
identified. 
been clearly 
The expected structure of photo-processed grains, 
for me d in the diffuse cloud medium, in dense molecular 
o l o u d s , and i n dense mo l e c u l a r c l o u d s w i t h a protostellar 
source, are shown in figure 2,10, The evolutionary cycl_e 
proposed for the above model is shown in figure 2.11. 
2.9 FORMATION OF GRAIN CORES 
The r e i s enormous d i f f i c u l t y i n processes leading 
to the d i r ec t conde n sa t i on of cor e par t i c l e s f rom a toms 
and mo l e c u l e s i n t he d i f f use o l o u d me d i um. T h i s i s due to 
the 
high 
extremely 
uv flux. 
harsh conditions which res u l t f rom the 
Alternative sites of formation in much 
denser environments have been considered. In 1962 Hoyle 
and Wickramasinghe proposed the formation of nuclei in the 
atmospheres of cool stars f o l lowed by e j e c t i on i n to the 
i n t e r s t e l l a r me d i um by r ad i at i on press u r e . 
In 1970, Hoyle and Wickramasinghe went further to 
suggest grain formation in supernovae. During the same 
year, Geisel, Kleinmann and Low observed the decline of 
Nova Serpent is between 1 f.lm and 22 f.lm. At first the visual 
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Chemical models of interstellar 
grains expected in different 
regions of the interstellar medium. 
<Figure taken from Greenberg, 1983) 
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decline of the outburst was mirrored in the infrared, 
un t i about 50 days later, when the infrared fluxes at all 
wavelengths began surprisingly to increase. Gradually the 
infrared began to dominate the energy output from the 
nova. 
The most obvious candidate for the source of the 
infrared was clearly dust. Due to the lack of 1 0 JJ.m 
features, Geisel ruled out si icate grains and proposed 
that graphite grains had condensed out of the nova ejecta. 
Clayton and Hoyle (1976) investigated the process in 
de t a i l and put forward a model whereby the ejecta (which 
is rich in carbon) expands until a point is reached where 
the grains can condense. In Nova Serpentis this would only 
be 11 days after the outburst The optical depth increases 
rapidly as the grains grow, cutting off the light of the 
underlying photosphere. Once formation ceases and the dust 
shell also begins to thin out' the 'stored' infrared 
radiation can escape. The main conclusion of this work is 
that the grains formed can be very large u p t o 2 JJ.m ) a n d 
that up to 0.1% of the interstellar grains could be 
formed in novae. 
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2. 9. 1 DESTRUCTION OF GRAINS AND THE SIZE 
DISTRIBUTION FUNCTION 
Oort and Van de Hulst (1946) proposed that grain 
growth and destruction should lead to an equilibrium 
distribution of grain size, this being consistant with the 
observed general uniformity of the interstellar extinct ion 
curve. Their distribution was accepted for many years 
without much serious cha I I enge from any quarter. As a 
destruction mechanism, they invoked classical cloud-cloud 
collisions. This was supposed to result in 'volatilization 
of solid particles by mutual encounters', f o r two 
particles of sufficient velocity. They calculated that the 
aver age l i f e t i me of a grain was years, which 
balances with a grain growth of up to 0.1 ~m. Given that 
the age of the galaxy is~ 1010 years, this seemed very 
favourable towards the concept 0 f a n e q u i l i b r i um s i z e 
d i s t r i but i on be i n g at t a i ned i n t h i s manner . The original 
function was modified by Greenberg (1960) to give a 
function which was much simpler analytically. The Oort-van 
de H u l s t -G r e en be r g s i z e d i s t r i b u t i on i s g i v en by 
n(a) a exp [-5 x (a/0.5) 3 J ..... (2.11) 
where n (a) d a i s the number dens i t y of par t i c l e s w i t h r ad i i 
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in the range (a, a+da). 
The downfall of the distribution was signalled in 
1978 when Barlow showed that the classical cloud collision 
theory on which the above was based, was largely 
ineffective. Only at the shock interface itself will the 
relative velocities of the grain be enough for 
evaporation. Insertion of this fact to the calculations 
yields a lifetime of ~ 1010 years, which is of the same 
order in time as the age of the galaxy, hence invalidating 
cloud-cloud collisions as a ma j o r des t r u c t i on p r o cess a n d 
therefore causing severe problems f o r the Oort-van de 
Hulst-Greenberg distribution. 
Before considering the distribution function which 
has since been invoked under many c i r c ums tan c e s , i t i s 
worth mentioning several other destruction processes which 
can be important under certain circumstances but which are 
not universally applicable. 
It was once thought that erosion via chemical 
reactions at bare grain surfaces could be an important 
destruct ion mechanism. Bar-Nun (1975) however showed the 
process to be largely ineffective, although it was still 
thought that it may be important under certain conditions. 
This 
the 
lead Barlow 
2175 A bump 
(1978b) to suggest that the weakness of 
in some objects could be due 
chemisorbed hydrogen and oxygen which destroyed 
to 
the 
this graphite surface and Draine (1979) showed that 
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process could well be effective in very compact HI I 
regions. Even so, this kind of erosion has been excluded 
as an imp or tan t des t r u c t i on process . 
The process known as sputtering, proceeds via 
a tom i c and i on i c bomb a r dme n t of the l a t t i c e p a r t i c l e s of a 
solid. The precise effect is strongly dependent on the 
col isional energies and the chemical constituents of the 
col ision particles and again, was once considered to be 
of considerable importance as a destruction mechanism. 
However, Greenberg ( 197 8) proposed that sputtering 
(principally by He) would only be important where relative 
speeds of the coli is ion particles are high, such as in 
shock fronts, and subsequent research into cloud-cloud 
co l l i s i on s by B a r l ow ( 1 9 7 8 a ) supported his proposal. 
Shattering mechanisms were not considered at the 
time of the Oort-van de Hulst-Greenberg function. Since 
that time however, it has been shown to be of considerable 
importance. Shattering is in fact found to be an important 
p r o cess i n many en v i r o nme n t s r an g i n g f r om t e r r e s t r i a l r o c k 
f r a gme n t a t i on t 0 asteroid format ion and a review by 
Hartmann (1969) of the large reservior of data available 
on the size spectra of many f r a gme n t a t i on products has 
shown up one par t i c u l a r l y imp or tan t p o i n t r e l evant to the 
present discussion. In every case a power-law distribution 
for the sizes of the bodies under investigation develops, 
the index of the distribution being dependent on the 
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de g r e e o f mu l t i p l e f r a gme n t a t i on . 
Hellyer (1970) took 
theoretically, that 
Hartmanns work further and 
showed in any given system where no 
particles are lost or gained from the system, and 
s h a t t e r i n g me chan i sms are i n ope r a t i on , t he e q u i l i b r i um 
size distribution which results is always power-law in 
form. So, both theoretically and observationally, it was 
shown that shattering processes always result in power-law 
size s p e c t r a . Mo r e o v e r , t h e o r e t i c a l work on accretion by 
Daniels and Hughes (1981) also predicts approximately 
power-law distributions. 
Concerning interstellar grains however, the 
r e s u l t s o f B a r l ow s t and a g a i n s t s h a t t e r i n g be i n g imp o r t an t 
in cloud-cloud coil isions in particular. Even so there are 
other imp or tan t en v i r o nme n t s concern i n g g r a i n mod i f i cat i on 
processes. Burke and Silk ( 1 9 7 6 ) considered processes 
which might effect grains in clouds undergoing collapse to 
the format ion of a protostar. They showed that in the 
cloud collapse phase, grains would be expected to couple 
strongly to the gas and so avoid collisions. However, for 
5 solar mass stars or greater , wh e r e r ad i a t i on d r i v en 
she l l s are expected to develop (Larson, 1969) the 
s i t u at i on becomes much d i f fer en t . T u r b u l en t mot i on s i n the 
expanding shel produce eddies, and grains swept up by 
these suffer coli is ions with grains in other eddies on a 
t i me s c a l e much s h or t e r t han the l i f e t i me of the shell. 
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Clearly if shattering processes are in operation in this 
phase, then so are the destruction processes on which the 
Oort-van de Hulst-Greenberg distribution was based. Burke 
and S i l k went on to 
grains which suffered 
show, that 
evaporation 
the fraction of the 
during the turbulent 
eddy phase was high, then the final size spectrumwould 
indeed be that described by the Oort vande Hulst-Greenberg 
distribution, but this fraction was l ow , t hen t he 
shattering mechanism is 
distribution results. 
dominant and a power-law size 
Clearly, what was 
derivation of the grain 
needed was an 
size distribution. 
empirical 
This was 
carried out in 1977 by Mathis, Rump! and Nordsieck and 
their 
The i r 
work has already been discussed in section 2.71. 
resultant size dis t r i but ion was that of the 
power-law and has gained wide acceptance in recent years. 
The indices of their power-taw distribution took values of 
3.3 to 3.6 for spherical grains. It is this distribution 
that witt be used in all subsequent calcutat ions 
in this text. 
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2.10 MIE SCATTERING THEORY 
I t remains to be discussed exactly how the 
mathematical problem of scattering of l i g h t f r om d u s t 
grains in the interstellar medium will be treated. To 
t rea t a totally general case of scattering of light, with 
an initial arbitrary state of polarization, from dust 
grains of any shape, r e q u i res the so l u t i on of Ma xwe l l ' s 
equations of electomagnet ic wave propagation both inside 
and outside the particle, together with the appropriate 
boundary conditions at the surface of the grain. Clearly 
this is a difficult proposition. The shear difficulty of 
obtaining such a solution has resulted in only several, 
much simplified cases being treated, for example, that of 
scattering by infinitely small 
for 
particles (Rayleigh 
smooth scattering). The solutions the case of 
homogeneous spheres of arbitrary size were calculated by 
Mie (1908). Other exact and approximate methods have been 
applied to other simple geometric shapes,such as cylinders 
and ellipsoids. A review of the current 'state of the art' 
is to be found in van de Hulst, 1981. 
I t i s c l e a r f r om o b s e r v a t i on s o f t h e interstellar 
polarization t h a t r e a l g r a i n s must de par t f rom s ph e r i c i t y 
to some degree. However, experimental work in the optical 
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(Chylek 
1974) 
e t a l , 
regions 
1976) and 
show that 
ellipticity is small, the 
non-aligned grains is in 
microwave (Zeru ll and Giese, 
as long as the degree of 
scattering behaviour 0 f such 
good agreement with the overall 
structure of perfectly spherical grains. Mie calculations 
as an approximation to light interact ion with interstellar 
grains would therefore seem justified. 
2.10.1 THE SCATTERING FORMULAE 
scattering is completely defined i f the Mi e 
wavelength of the radiation, the radius of the scattering 
particle and i t s complex refractive index are known. 
According to van de Hulst, scattering may be represented 
by the matrix equation 
Ss = M(a).Sz ..... (2.12) 
wh e r e S 1 and S8 a r e the incident and scattered Stokes 
v e c t or s ( w i t h campo n en t s ,Q,U and V). M is the scattering 
ma t r i x and a i s the cos i n e of t he s c a t t e r i n g an g l e . I f the 
normal to the scattering plane is taken as a reference 
direction for the Stokes parameters, 
form 
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c D 0 0 
M(a) = D c 0 0 .... (2.13) 
0 0 E -F 
0 0 -F E 
where 
C(a) = 0.5 0. I 2 Jt) 2 . [ I St ( 8 ) 12 + I s2 < 8) 12 J 
D(a) = 0.5 0. I 2 Jt) 2 . [ I St ( 8) 12 - I s2 < 8) 12 J 
.... (2.14) 
E(a) = 0.5 0.12n.)2 .[ St ( 8 ) . S2 " ( 8 ) +S2 (8) .S1" (8) ] 
F (a) = i I 2 ( >.I 2n.) 2 . [ St ( 8 ) . S2 o ( 8 ) - S2 ( 8 ) . St o ( 8 ) J 
5 1 (8) and 5 2 (8) are the complex Mie scattering amplitudes. 
is that perpendicular to the scattering plane and 
5 2 ( 8) i s that i n the s c a t t e r i n g pI an e and per pend i c u I a r to 
the direction of propagation. These scattering amplitudes 
are given by 
00 
S1 ( 8) = L ( ( 2 n + 1 ) In ( n + 1 ) ) . [ aN n.N ( cos 8 ) + bN r N ( C 0 S 8 ) ] 
N " 1 
.... (2.15) 
00 
52 ( 8) = L ( ( 2 n + 1 ) In ( n + 1 ) ) . [ bN ll.N ( cos 8 ) + aNrN<cos8)J 
N " 1 
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are functions derived from the Legendre 
polynomials. They are given by Wickramasinghe (1973), 
together with aN which are the spherical 
Riccat i-Bessel functions. The percentage polarization of 
the scattered component for scattering from a single grain 
is given by 
P(8) = I St ( 8) 12 
I St ( 8) 12 
wh i I e the d i f fer en t i a I 
I Sz C 8 ) I 2 • 1 o o 
+ I Sz ( 8) 12 
cross sect ion (total 
.... (2.16) 
scattered 
intensity within a unit solid angle due to a unit incident 
light flux) is given by 
I ( 8 ) = I St ( 8 ) 12 + I Sz ( 8 ) 1 2 .... (2.17) 
I n c a I c u I a t i on s con c e r n i n g t he i n t e r s t e l l a r me d i um 
a power-law size distribution of the grains as given in 
equation 2.9 will be used. The size distribution is 
normalized be tween the minimum and maximum grain sizes 
such that 
A 11 A X 
J n(a)da = 
A 11 1 N 
The average scattering functions then become 
A M A X 
J IS, <Bll' .n(a)da 
A 11 I N 
55 
.... (2.18) 
.... (2.19) 
INTERSTELLAR DUST 
f o r = 1 , 2. lncorporat ion into t he s c a t t e r i n g ma t r i x 
results inC taking the form 
A M A X 
C(a) = o.s (A/2n) 2 J n (a l . l I s, ( 8 l I' + I s, ( 8 l I' l d a 
A M 1 N 
(2.20) 
and similarly for D,E and F. 
A scheme for act u a l l y eva l u a t i n g t he M i e fun c t i on s 
is given in Wickramasinghe (1973) and has been implemented 
by W a r r e n - Sm i t h ( 1 9 7 9 , 1 9 8 3 ) . 
2.10.2 THE SCATTERING FUNCTIONS 
A selection of scattered intensity and 
polarization plots are presented in figures 2.12 to 2.17 
for a wide range of power indices and refractive indices. 
Some general characteristics wi l be outlined here. 
1 ) Figure 2.12 shows the intensity of the 
scattered l i gh t as a function of scattering angle for a 
normalized size distribution of grains. The general form 
0 f these curves is maintained over a wide range of 
materials and power indices of the size distribution. The 
grains are very strongly forward scattering with some 
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Percentage polarization as a function of scattering 
angle for a normalized power-law size distribution 
of iron grains. The index of the distribution is 
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Percentage polarization as a function of scattering 
angle for a normalized power-law size distribution 
of silicate grains. The index of the distribution is 
marked for each plot. 
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Refractive index of organic grains= (1.16,0.0i) 
8~--~-----.-----r------.----.-----.-----r----.-----, 
.... 
c 
0 
·-4 
-t-l 
ro o 
N -.o 
..... 
L-
IQ 
....... 
0 
a_ 
CIJ 0 
m• 
IV 
_,.3 
c 
QJ 
u 
L-
QJ 
a_ ~ 
0 
A = 0.55 )Jm 
-0.5 i 
20 40 60 80 100 120 140 160 
Scattering Angle <Degrees) 
Figure 2.17 
Percentage polarization as a function of scattering 
angle for a normalized power-law size distribution 
of lee grains. The index of the size distribution 
was 3.5. The imaginary part of refractive index was 
altered for each curve as marked above. 
Refractive index of ice grains= (1.33,-0.0i) 
180 
INTERSTELLAR DUST 
mater i a l s showing a s l i gh t r is e around 180 degrees 
backward scattering. 
2) Figures 2.13 to 2.17 show that the polarization 
behaviour of grains i s c e r t a i n l y c omp l ex . A l l ma t e r i a l s 
show a peak in polarization around 90 degrees. For 
mater i a l s of low refractive index, the peaks tend to be 
around 100 degrees, whereas for high refractive index they 
are around 80 degrees. 
Increasing the real and/or imaginary parts of the 
refractive index 
polar i z at ion. 
Increasing 
distribution causes 
causes an 
the 
an 
power 
increase 
increase in the peak 
index 0 f the size 
in polarization in all 
cases. Typically, with q = 7, the peak polarizations are 
around 100%. This is caused 
particles for high q, since smal 
highly polar i zing. 
by the dominance of small 
particles are typically 
C l e a r l y t hen , me as u r eme n t s 0 f polarization over 
extended objects 
polarization is 
such 
being 
angles depending on 
as r e f l e c t i on neb u l a e , where the 
viewed at different scattering 
the geometry of the nebula, could 
p r o v i de v a l u a b l e i n f or ma t i on on b o t h t he power index of 
the size distribution and the refractive index of the 
grains. 
Negative polarizations are observed when I s, < e ) I 
< I s2 <e) I and corresponds to the polarization being 
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parallel to the scattering plane. Negative polarization 
u s u a l l y r e s u l t s 1 r om b a c k w a r d s c a t t e r i n g . 
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CHAPTER 3 
REFLECTION NEBULAE 
A reflection nebula, as implied by its name, owes 
its diffuse brightness to the scattering of incident light 
by the constituent nebular medium. The difference between 
reflection nebulae and other diffuse galactic nebulae, 
such as HII regions and dark clouds, lies in differences 
i n t he n a t u r e o f t h e sou r c e o f i l l um i n a t i on . Two p r i n c i p a l 
mechanisms are responsible for the i l l um i n a t i on and 
ex c i tat ion of neb u l a e wh i c h may be observed v i sua l l y. 
1) Stars of spectral type BOor earlier are able 
to cause photoionizat ion 0 f the local gas (Kaplan and 
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Pikelner, 1970), which causes i t t 0 become a luminous 
emission nebula. Such nebulae are commonly known as HI I 
regions and their spectra are dominated by emission lines. 
They have been found to be associated with regions of star 
format ion. 
2) Clouds of gas and dust may be i l l um i n a t e d by 
the radiation from stars of spectral type 82 and later 
which is unable to cause ionization of the nebulosity and 
principally just scatters from the dust. The spectra 
s i mp l y r e p r o d u c e t h a t o f t he i l l um i n a t i n g s t a r . Stars of 
type 80 and 81 produce nebulae which have both a 
scattered and an emission component. 
There are three distinct groups which together 
make up the set of o b j e c t s known as r e f I e'c t i on neb u l a e . 
These are: 
1 ) Nebulosities found at high 
which appear to be i l I um i n a t e d latitudes, 
integrated I i g h t f r om t h e g a I a c t i c p l a n e ( I n n a n e n , 
galactic 
by the 
1969). 
2) Nebulosities, i I I um i n a t e d by one or more 
stars, which are a I most certainly part of a more 
extensive molecular cloud and are often refer red t 0 
as 'interstellar reflection nebulae'. 
3) Compact nebulae, where the gas and dust is 
definitely connected in some way t 0 t he i I I um i n a t i n g 
stars. Of the above, the last two groups are the most 
important to the study in hand and wi II be discussed in 
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mo r e de t a i l . 
3.2 INTERSTELLAR REFLECTION NEBULAE 
Hundreds of these nebulae have been found on sky 
survey plates and have been catalogued by Cederbland 
(1946) and Dorschner and Gurtler (1966). Typically, they 
22 have surface brightnesses in 
magnitudes per square arc second 
the range 
although 
of 
the 
20 
detect ion 
limit is determined by the sensitivity of the 
instrumentation. The objects are intensity bounded rather 
than density 
relationship, 
l um i nat ion, 
imi ted. Hubble (1922), derived a theoretical 
based on 
between 
the 
the 
inverse 
apparent 
square law of 
ma gn i tude an 
i I luminat ing star, m, and the angular extent 
of 
of the 
associated reflection nebula in minutes of arc, a, (taken 
from the star to the most distant patch 0 f nebulosity 
which could be detected). The relationship derived is 
given below. 
m = -5 I o g1 o (a ) + k ..... ( 3 . 1 ) 
The constant term, k, is found empirically. 
Ov e r t he I a s t 2 0 years, evidence has bu i I t up 
demons t r a t i n g that there is a strong connection between 
early type stars and interstellar clouds. Roberts (1957) 
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and Ebert (1968) found that nearly all ear l y type stars 
are found in clusters. Often, so are reflection nebulae 
(van de 1966). Furthermore, these reflection 
nebulae 
Bergh, 
clusters lie within the boundaries of recognized 
OB ass o c i a t i on s ( R a c i n e , 1 9 6 6) . The picture of a star 
forming at t he c en t r e of a proto s t e l I a r c I o u d, wh i c h has 
undergone gravitational collapse due to some in i t i a l 
instabi I i ty (Larson, 1969), has gained overall acceptance, 
enormous effort has been put into trying to understand the 
nature of reflection nebulae with respect to their 
g e ome t r i e s , l l um i nat i n g stars , and dust and gas content, 
in order to further our understanding 0 f early star 
formation. 
I t i s f r om t h i s bas i s t h a t t he c omp a c t neb u I a e , i n 
particular those associated with pre-main sequence 
objects, must examined, since they are in t i mate I y 
connected to 
be 
the physical processes which concern the 
i l I um i n a t i n g s t a r s , and one wo u I d therefore expect that 
they could afford to us much valuable information. 
3.3 COMPACT REFLECTION NEBULAE 
Often these reflection nebulae have very striking 
g e ome t r i c con f i g u r a t i on s , and i n r e c en t year s a g r e a t de a l 
of attention has been directed towards the study of a 
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class of peculiar objects known, on purely morphological 
grounds, as 'bipolar nebulae'. The i r distinctive 
appearance i s r e f I e c ted i n the i r names . Ex amp I e s are the 
'Cygnus Egg Nebula' (CRL 2688) (Ney et al., 1975; Crampton 
et al., 1975), 'Minkowski's foot p r in t ' (M1-92) (Herbig, 
1975), the 'Red Rectangle' (HD44179) (Cohen et al., 1975), 
the 'Boomerang Nebula' (ES0-172?07) (Taylor and Scarrott, 
1980), Eta Car in a e ( W a r r e n - Sm i t h e t a l . , 1979), 5106 
(Sharp l e s s , 1 9 59) and t he c l ass i c a I ' hour g l ass ' of L k Ha 2 0 8 
(Hubble, 1922). 
Each of these objects is characterized by a pair 
of apparently circular or fan shaped nebular lobes, 
s ymme t r i c a l l y p l aced about a compact stellar-[ ike source 
which may be seen in the visual and/or infra-red. 
Ci rcumstellar rings are frequently associated with the 
objects and may cause the central star to be heavily 
obscured, depending on the tilt of the major axis of the 
lobes with respect to our line of sight. 
Another group of objects falling into the class of 
c omp a c t neb u l a e a r e t he come t a r y neb u l a e . They a r e s i m i l a r 
to the bipolars but have only a single nebular lobe. 
are Examples 
(Herbig, 1960) 
i l l um i n a t e s the 
the nebulosities associated with ZCMa, 
and R Man (Sl ipher, 1912). R Men 
classical cometary, NGC 2261. Also there 
are the FU Or i stars which now comprise FU Or i i t s e l f , 
V1057 Cyg (We l in, 1 9 71 ) and V1515 Cyg (Wenzel et al., 
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1975). Each of the FU Ori stars had large i r excesses and 
a f t e r brightening considerably in the optical region, (in 
1970 and 1974 respectively for the latter two), now 
i l lumina t e small reflection nebulae. Herbig proposed in 
1977, that these nebulae were pre-existing structures that 
were simply i l l um i n a t e d when their respective 
b r i g h ten e d , and t h a t they were not e j e c t e d f rom the 
at the ime of the outbursts. 
stars 
stars 
I t is commonly bel i eved that cometar ies and 
bipolar nebulae may wel be very closely related. This 
relationship will be discussed further in a later 
concerning format ion mechanisms. 
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3.4 GENERAL 
NEBULAE 
BRIGHTNESS CHARACTERISTICS OF REFLECTION 
Due to the surface brightness of these objects 
being comparable to the sky brightness or fainter, early 
photographic studies of their colour and polarization were 
notoriously 
accuracy of 
subject to systematic error. The inherent 
the equipment now used is much improved 
compared to that used over the last century, and has 
increased the reliability of f a i n t object measurements. 
Even SO, there are certain problems that may always be 
w i t h us, such as the sky b r i g h t ness est i mat i on . 
Nowadays, it is clear that reflect ion nebulae are 
bluer than their i l l um i n a t i n g stars, but become 
p r o g r e s s i v e l y r e d den e d w i t h o f f s e t d i s t a n c e f r om t h e s t a r 
(early observations indicated the contrary). Martel 
(1958), Hall (1965) and Zellner (1970, 1973) for instance, 
have demonstrated these trends conclusively in various 
nebulae. 
The above work also showed that many reflection 
nebulae have surface brightnesses that are greater than 
even though there is an overall general expected, 
agreement with Hubble's relationship. As understanding of 
the complex scattering processes a t work inside the 
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nebulae grew, so this problem was resolved. The dust 
grains comprising the nebulae are predominantly forward 
scattering and not isotropic, as was implicitly assumed by 
Hubble in 1922 (see section 2.5), and multiple scattering 
within an optically dense nebula has been found to provide 
an important contribution to the observed brightness 
3.5 POLARIZATION STUDIES OF NEBULAE 
An important characteristic of all these objects 
is the generally high degree of inear polarization 
observed in the lobes. Polarizations of up to 60% are not 
uncommon. 
War r en- Sm i t h e t a l . , ( 1 9 8 0 ) report polarizations 
of up to 40% for NGC1999 which is illuminated by the star 
V380 Or ion is. A linear polarization map of the nebulosity 
shows a circular pattern of electric vectors centred on 
V380 Ori (figure 3 . 1 ) . Such a pattern is typical of 
p o I a r i z e d l i g h t r e s u l t i n g f r om t h e s c a t t e r i n g o f r a d i a t i on 
f r om a c en t r a l o b j e c t , by d us t i n t he s u r r o u n d i n g me d i um . 
In a later work, Wa r r en- Sm i t h (1983) uses 
sophisticated modelling techniques to simulate the nebular 
b r i g h t ness and p o l a r i z a t i on . Such mode l I i n g en a b l e s h i m to 
place cons t rain t s on possible nebular geometries, on the 
grain size distribution function, the grain material and 
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Figure 3.1 
The linear polarization map of NGC 1999. 
Integration bins of 5 x 5 arcseconds have 
been used. The measurement at each point 
is represented by a line, the length of 
which is proportional to the degree of 
polarization and orientation of which is 
parallel to the E vector. 
<Figure taken from Warren-Smith et al., 1980) 
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on optical depths within the nebula. War r en -Sm i t h f i nds 
his data to be best accounted for if the grains are high 
in albedo ()0.7) with a real part to the refractive index 
of 1 . 1 9 ± 0.09. The distribution of grain sizes is 
required to be approximately power-law, with an index of 
-4.25 ± 0.18. 
These results lead to the suggestion that the size 
distribution 
index of the 
function v a r i e s s l owl y w i t h g r a i n s i z e , t he 
distribution becoming more negative with 
increasing grain size. This would account for the 
discrepancy between Warren-Smith's cal cu l at ion of -4.25 
for the size index and -3.5 found by Mathis et al. (1977). 
T h e n e b u l a r mode l u n de r i n v e s t i g a t i o n by W a r r e n - Sm i t h i s 
sensitive to grain sizes f r om 0 . 2 t o 0 . 5 pm , wh i l e t he 
higher index derived from the mean interstellar extinct ion 
curve (Mathis et al.), is sensitive to sizes around 0.03 
J1m. Such a variation of the power index with grain size is 
also required physically, since i t is known that 
power-law, size distributions cannot exist over a large 
range 0 f grain s i z e s w i t h o u t r e q u i r i n g mo r e conde n sa b l e 
mater i a l in the grains than is cosmically available 
(Greenberg, 1978). 
Polarizations of up to 60% are reported for the 
northern lobe 0 f the Boomerang Nebula (Taylor and 
Scarrott, 1980). The polarization map of the object again 
shows a centro-symmetry typical of nebulae illuminated by 
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a central star. Near the star, along the minor axis of the 
nebula, the polarization is reduced and a band of vectors 
are seen to ie parallel to this axis. Taylor and 5carrott 
propose that this band i s due t o mu l t i p l e s c a t t e r i n g of 
the radiation in a dense, optically thick disc of dust 
around the star. On the basis of the observed 
polarizations and colours of the nebula, they propose that 
the lobes are tilted with respect to our line of sight and 
that the star is seen obliquely through the 
the 
disk. 
object 
Their 
work supports classification of as a 
proto-planetary nebula. 
Low, b u t r eve a l i n g p o I a r i z a t i on s o f up t o 5% have 
been observed for 5106 (Perkins, King and 5carrott, 1981). 
5106 is a compact Hll region with a central source which 
is obscured by 20 magnitudes in the visual (Eiroa et al., 
1 9 7 9 ) . The l ow p o l a r i z a t i on is explained as being the 
result 0 f extensive dilution of the scattered light by 
i n t r i n s i c em i s s i on f rom t he ex c i t e d gas i n t he neb u l a . The 
polarization vectors again form the c en t r o- s ymme t r i c 
pattern typical of this type of object and Perkins et al. 
find the centre of the pattern, hence identifying the most 
likely region in which to f in d the hidden i l l um i n a t i n g 
source. Their conclusions support advocates of a central, 
early type star for the object, surrounded by a dense dust 
disc which allows l i gh t to escape along the optically 
thinner axes perpendicular to the plane of the disc. 
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Clearly, there is enormous power in mapping the 
polarization 
would seem 
i n format ion 
and colours of 
important 
that one 
then, 
could 
reflection 
to outline 
expect to 
observable quantities, since they will be 
nebulae and it 
clearly the 
gain from these 
used later in 
proposing a model for the bipolar nebulosity centred on 
the star LkHa208. 
3.6 NEBULAR PROPERTIES WHICH RELATE TO THE NEBULAR 
POLARIZATION AND BRIGHTNESS 
In any discussion such as this, it is important to 
bear in mind that the grains responsible for scattering in 
the visual waveband are those which have sizes the 
wavelength 0 f visible l i gh t . They are strongly forward 
scattering but exhibit peak polarizations around the 90 
degree scattering angles (see section 2.10.1). The nebular 
important to polarization and colour properties 
measurements are the nebular geometry, the grain type and 
albedo, the grain size distribution, any dust density 
variations within the nebular structure and the photon 
me an f r e e p a t h ( wh i c h i n t u r n determines the degree 0 1 
mutt iple scattering of the light). 
The mean level of polarization is principally 
determined by the grain type and size distribution. The 
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range of polarization, whi tst being also dependent on the 
g r a in parameters, is strongly influenced by the nebular 
geometry 
gradients. 
which the 
and to a lesser extent, 
These determine the 
ight may be scattered. 
by any dust density 
range of angles through 
The surface brightness is strongly affected by the 
grain albedo and dust density variations. Since the grains 
are forward scattering, the geometry of the front face of 
the nebula plays an important par t in any brightness 
variations. Multiple scattering within an optically thick 
nebula generally serves to increase the surface brightness 
a t t he same t i me as l e ad i n g t o an overall depolarization 
of the scattered light, which towers the general levels of 
observed polarization. 
I t i s seen then, that white polarization and 
colour mapping can potentially provide us with much 
information concerning a given nebulosity, extracting i t 
is no simple task due to the complex interplay of so many 
parameters, all of which have an effect to a greater or 
lesser extent on the observations. This has resulted in 
wo r k e r s t u r n i n g t o n ume r i c a t simulation models to make 
fuller use of the available data. 
An 
properties 
a t tempt to 
of bipolar 
actually 
nebulae 
predict some of the 
has been carried out 
recently by Yusef-Zadeh et al., (1984). They consider the 
mu l t i pte scattering of ight within a dusty, anisotropic 
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me d i um, and a I I ow r ad i a t i on f rom a cent r a I source to be 
s c a t t e r e d once or mo r e i n an opt i c a I I y t h i c k c i r c urns t e I I a r 
d i s k , b e f o r e s c a t t e r i n g f r om d u s t which 
The 
I i es above and 
below the plane of the disk. proposed nebular 
structure is depicted in figure 3.2. Dust densities above 
and below the plane of the circumstellar dust are assumed 
to decrease with radius as r- 2 , where 
f rom the i I I um i n a t i n g s t a r . 
is 
Wh i I e at tempt i ng to simulate 
the distance 
the optical 
appearance of the Red Rectangle (HD44179), CRL 2688 and 
Minkowski's Footprint (M1-92) (references concerning these 
objects are given in section 3.3), no attempt is made to 
actually fit the observational data and consideration of 
the poI a r i za t ion is deferred. I n p r i n c i p l e t h i s mode l 
seems feasible, but sect ions 5.3 and 5.3. 1 wi II 
demonstrate that the model as it stands, wi I I probably 
fa i I when attempt in g to reproduce the polarizations 
observed for these objects 
Having now discussed some observational features 
of bipolar reflection nebulae and the parameters which 
give rise to these observations, is important t 0 
discuss also their evolutionary status and present as far 
as possible, a coherent picture of their part 
evolution. 
7 1 
in stellar 
y 
To Observer 
Figure 3.2 
Structure of a bipolar nebula, as envisaged 
by Yusef-Zadeh et al., 1984. The central 
source is seen through a thick circumstellar 
disk. Perpendicular to the plane of the disk 
there is a biconical cavity which is devoid 
of dust. 
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3.7 THE EVOLUTIONARY STATUS OF BIPOLAR NEBULAE 
Since the discovery of the first bipolar, HD44197 
(the Red Rectangle), in the CRL Infra Red survey (Ney et 
a l . , 1 9 7 5) f o l lowed c l o s e l y by many o the r s , the question 
that needed to be answered was: do these objects all 
represent the same phenomenon or is it possible for stars 
of different masses to establish a bipolar nebula at very 
different evolutionary phases? Attention was directed 
towards establishing the most likely evolutionary state of 
the cent r a l i l l um i n a t i n g sources of these objects. From 
the very beginning, results hinted towards the phenomenon 
being exhibited in the pre- or post main sequence phases 
of stars. Cohen and Kuhi (1977), on investigation of the 
Cygnus Egg Nebula (CRL 2688) and M i n k ows k i ' s footprint 
(M1-92), proposed a post-main sequence evolutionary state 
for CRL 2688 and a pre-main sequence state for M1-92. 
Cal vet and Cohen (1978) investigated 10 bipolar nebulae 
using optical spectrophotometry, ir photometry and radio 
continuum observations of the central stars (and in a few 
cases the nebular lobes as well). They also included 
already published data on 3 other objects. Six of their 
objects, they classified as being protoplanetary nebulae 
and two, as evolved planetary nebulae. The remaining 
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three, LkHa233, LkHa208 and Parsamyan 22, they classified 
as pre-main sequence objects. 
0 f p a r t i c u l a r i n t e r e s t t o t he p r e sen t wo r k a r e t he 
nebulosities associated with early stellar evolution. It 
is important to realize that at the same time as the above 
work was being carried out, much new information was being 
gathered concerning early stellar en v i r o nme n t s and data 
was becoming avai table concerning the nature ofT Tauri 
and Herbig Ae and Be stars, which are believed to be among 
the ear l i e s t s t e l l a r o b j e c t s known . Mo l e c u l a r c loud s were 
being discovered and also Herbig-Haro objects were under 
investigation, both phenomena having possibly important 
connect ions with early stellar evolution. As momentum in 
these fields has gathered, i t has become increasingly 
clear that observations of bipolar nebulae are but a 
single stage of a c omp l ex e v o l u t i on a r y p r o cess . I n or de r 
to gain an overall picture, some 0 f the work in these 
other fields will be reviewed, and finally evolutionary 
models will be presented which attempt to explain the 
observed bipolar phenomenon. 
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3.8 T TAURI AND HERBIG Ae/Be STARS 
Discussion of the nature of young stellar objects 
r e a l l y d i v i des i n t o two sec t i on s , t h a t o f t he l ow mass and 
that of the high mass objects. The for mer are a fa i r l y 
we l l de f i ned group wh i c h have been we l 
l a t t e r a r e much l e s s we l l de f i ned and 
s t u d i e d wh i l s t t he 
studied. Work has 
had to concentrate on establishing criteria by which the 
high mass objects can be identified and on confirming that 
they are not ordinary stars of the same spectral type. 
T Taur i stars are low mass stars (M < 2 . 5M;. ) and 
have been recognized as a distinct class of emission line 
variables associated with nebulosity since the 1940's 
(Joy, 1942,1945,1949). Ambartsumian suggested in 1947 that 
they represented a group of very young pre-main sequence 
stars 0 f intermediate mass. Since this time, a wealth of 
observational data has confirmed their pre-main sequence 
nature. They are found in regions of nebulosity, which are 
both b r i gh t (eg. in Or ion) and dark (eg. in 
Taurus-Auriga), and form groups called 'T associ at ions'. 
Common l y found i n dark c loud s w i t h reg i on s of act i v e star 
format ion ( Kuh i , 1983), they are typically 12 magnitudes 
or fainter in brightness and show irregular variations in 
their ight out put . T i me s c a l e s for t he s e v a r i a t i on s v a r y 
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from minutes (Worden et al., 1981) to decades (Bellingham 
and Rossano, 1980). Many T Taur is show i r excesses of the 
order of 0.5 - 1 magnitudes brighter than normal stars of 
the same spectral type (Hare and Herbig, 1955). The excess 
is believed to be due to the r ma l emission of hot 
c i r c ums t e l l a r dust or bound-free and free-free emission 
from ionized hydrogen. 
An i n t e r est i n g p o i n t about T Tau r i s , i s t h a t s i n c e 
they 
would 
are very young stars, one might expect that they 
s t i l l have considerable angular momentum and 
therefore be rapid r o t a t o r s , having only recently 
condensed f rom t he i r proto s t e l l a r c l o u d s . However, Vogel 
and Kuhi (1981), on investigation ofT Tauri stars in 
Taurus-Auriga and NGC2264, conclude t h a t the angular 
momentum problem has basically been solved before the 
stars become visible. 
Herbig (1960) was the f i r s t t 0 look a t the 
possibility of the existence of higher mass analogues of 
the T Tauris. He made rough estimates of the numbers 0 f 
high mass stars, which could be expected to be still in 
their contracting phase and lie within kpc of the sun. 
On f i n d i n g the i r numbers to be sma l l , but not neg l i g i b l e, 
he proceeded to look for some characteristic quantity that 
would define such a group. Herbig chose 26 stars 
(including LkHa208) which he f e l t were the strongest 
candidates. They are now known as the Herbig Ae/Be stars 
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(HBeS). In an attempt to exclude any interlopers from his 
sample, 
chose 
( in 
only 
particular, normal Ae and Be type stars) he 
stars which fulfilled the f 0 l lOWing 
r e q u i r eme n t s : -
1) They should have spectral type A or earlier 
w i t h emission l in e s. 
2) They should ie in an obscured region. 
3) They should l l um i n a t e dust i n the region to 
produce a fairly bright nebula. 
At the end of his study, it was clear that the 
stars did not form a spectroscopically unique group and 
Herbig was unable to draw any other conclusion than at the 
outset, i e. the stars in his sample were still the 
strongest candidates for high mass counterparts of 
Tauris. 
the T 
Since Herbig's in i t i a l work, many others have 
collected information on these stars in attempts t 0 
identify them unambiguously as members 0 f the proposed 
group. G i l let and Stein (1971) were able to place lower 
limits on the visual absorption optical depth of an 
assumed shell of solid particles expected to exist around 
such stars. They found that they required opt i cal depths 
of the order of unity to explain their visual and ir data, 
and so argued strongly for hot dust to be present close to 
the stars. Cohen (1973) found that the presence 0 f 
circumstellar dust close t 0 the stellar surface is a 
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common trait of the HBeS and argued that the existence of 
grains i n such a d i s t r u c t i v e en v i r o nme n t must be reg a r de d 
as standing in favour of their youth. 
Strom e t a l (1972) provided further evidence of 
their youth by calculating their surface gravities 
relative to ZAMS (zero age main sequence stars). He found 
many of the stars t o h a v e g r a v i t i e s l e s s t h a n ZAMS a n d 
further, argued against their being ordinary Be stars on 
the basis of their ir dust shell emission, which is too 
g r e a t to a r i s e f rom f r e e- f r e e em i s s i on on l y (as i s t y p i c a l 
for normal Be stars (Woolf e t a l . , 1 9 7 0 ) ) . S t r om a l s o 
concluded that only 2 out of 1 4 HBeS used in his set 
showed any evidence of their being rapid rotators, which 
is a characteristic of normal Be stars. As with T Taur i 
s t a r s , the angular momentum problem seems to have been 
solved before the stars appear visibly. Davies e t a l. , 
(1983) confirmed Strom's results showing 
spectral type B6 to B9 rotate 
ordinary Be stars. 
significantly 
Even so, i t s t i l l rem a i n s for some 
that HBeS of 
slower than 
characteristic 
group property to be found which conclusively defines the 
HBeS stars to be high mass pre-main sequence stars. It is 
clear that spectroscopic characteristics do not provide 
t he r e q u i r e d answer . 
Finkenzeller and Mundt (1984) have recently 
comp i led all the pub l i shed opt i c a l and i r mag n i tudes of 
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the now 57 HBeS and possible candidates with the aim of 
us i n g ph o tome t r i c d a t a to u n amb i guo us l y de f i n e t he group . 
For 43 of 
profiles. 
the stars t h e y a l s o co l l e c t e d H« and NaD 
Using this data, they have been able to clearly 
demonstrate the difference between normal Be stars and 
HBeS. The location of the two groups is quite different on 
a H-K, K-L two colour diagram as shown in figure 3.3. 
Hertzsprung Russell diagrams have also been drawn which 
show clearly that most of the Herbig Ae/Be stars lie above 
the main sequence. 
3.9 HERBIG-HARO OBJECTS AND MOLECULAR CLOUDS 
The prototypes of the Herbig-Haro object class 
were discovered independently by Herbig (1951) and Haro 
( 1 9 5 2 ) n e a r NGC 1 9 9 9 i n 0 r i o n . T h e i r location in a dark 
cloud region in the vicinity of the young Or ion population 
stars was immediately taken to infer associ at ion of these 
objects with stellar format ion processes ( Amb a r t sum i an, 
1954). 
Ex t e n s i v e wo r k i n t he o p t i c a l (Schwartz, 1978 
Dopita, 1978)' near i r (Cohen and Schwartz, 1979) and 
radio (Rodriguez et al 1980) have provided much needed 
observational data concerning these objects. They can be 
described as being small (typically 1000 AU) optical 
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Figure 3.3 
H-K, K-L two colour diagram of all Herbig Ae/Be stars 
for which colours are available. The + signs mark the 
Herbig Ae/Be stars, while the •'s mark a number of 
classical Be stars which have been given for comparison 
purposes. The typical error on the lr colours is 
indicated in the upper left hand corner. The main 
sequence from BD to FO is indicated as a hatched bar 
at the lower left hand corner. 
<Figure taken from Flnkenzeller and Mundt, 1984) 
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nebulosities found in small groups near the sur faces of 
molecular clouds. Their spectra are low excitation 
emission spectra and are not stet lar in or i gin (Herbig, 
1962). The most widely accepted explanation f o r the 
observed spectra is that they a r is e in shocked gas 
(Dopi ta, 1978 and Raymond, 1979). A number of models have 
been put forward explaining the Herbig-Haro nebulae in 
terms of supersonic mass outflows from young stars which 
shock against ambient dense cloudlets resulting in the 
observed Herbig-Haro object (Schwartz, 1978 and references 
therein). 
The exact nature of the energy source is still the 
basic problem in the study of these objects, as it has 
been since they were first discovered. The idea of shocked 
gas being t he sou r c e , t he gas f l ows em an a t i n g p r e s uma b l y 
f rom some young s t a r i n the v i c i n i t y of the Herbig-Haro 
object, 
physical 
has caused researchers to look for any obvious 
involvement of T Tauris Herbig-Haro 
nebulosities. Many such connect ions 
and 
have been found, 
although the proposed exciting stars are rarely directly 
visible. An except ion was the discovery of HH55 in the 
i mme d i a t e v i c i n i t y o f t he T Tau r i s t a r RU L up i (Schwartz, 
1977). 
(Cohen 
Near i r searches of 
and Schwartz, 1983) 
the surroundings of AS353A 
show this s t a r t 0 be 
responsible for HH32A and HH32B. In all, at least 5 cases 
of Herbig-Haro associ at ion with T Taur is have been found 
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and many cases are known of Herbig-Haro association with 
embedded sources having energy distributions consistant 
with those of T Taur i stars. 
Observations of substantial proper mot ions f o r 
some Herbig-Haro objects, and also of the linear alignment 
of these nebulae with their exciting i r sources, together 
w i t h t he d i s cove r y o f h i g h v e l o c i t y , an i so t r o p i c mo l e c u l a r 
flows centred on young objects in dense molecular clouds, 
have provided the basis for the most recent steps forward. 
Cohen and ( 197 9) f i r s t noticed the 
a I i gnme n t of a 
Schwartz 
fa i n t star having weak T Tau r i 
characteristics with HH1 and HH2. Herbig and Jones (1981) 
published results showing these Herbig-Haros to be moving 
i n o p p o s i t e d i r e c t i on s away f r om t he s t a r . Several other 
Herbig-Haros have also been found in significant positions 
with respect to their exci ing stars. Examples are HH31A, 
B and D which are wel aligned with I RS2 (Cohen and 
Schwartz, 1983). HH32A, Band C are aligned with their 
candidate star AS353A (Mundt et al., 1983). HH39 has been 
observed to be moving away from R Mon (Jones and Herbig, 
1982) and HH28 and 29, from L1551 (Cudworth and Herbig, 
1 9 7 9) . A l l t he s e a I i g nme n t s i n d i c a t e an i sot r o p i c mass I o s s 
from the candidate s t a r s , which is probably well 
collimated (Cohen and Schwartz, 1983). 
The phenomenon of CO bipolar flOWS in deeply 
embedded sources seemingly provides further information on 
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the sub j e c t . H i g h v e I o c i t y gaseous out f I ow i n regions of 
s t a r format ion have been under scrutiny since the first 
source of such a flow was detected in Orion (Zuckerman et 
a l . , 1 9 7 6 ) . Recent I y, h i g h r e so l u t i on s t u d i e s of the f I ow 
have shown it to be bipolar (Erikson e t a I . , 1 982) . In 
1980 spatially extended 0 u t f lows associated with L1551 
(Snell et al., 1980) and Cepheus A (Rodriguez et a I., 
1980) were reported. In both of these sources blue and red 
shifted CO emissions were observed and found to arise from 
two separate regions which extended in oppos i t e 
d i r e c t i on s . The number of such known h i g h v e I o c i t y ( V > 3 0 
flows' has increased to about 20 and these are 
centred on ir sources buried deeply in molecular clouds 
(Rodriguez et al., 1982 Bally and Lada, 1983). At least 
half of these are bipolar with a strong possibility that 
the others appear isotropic only due to project ion effects 
or to the lack 0 f 
(1983) f in d that 
angular resolution. Bally 
the l in ear dimensions of 
and 
the 
v e I o c i t y f l ows f a I I w i t h i n t he n a r r ow range 0.1-0.3 
Lad a 
high 
pc. 
They also note that these flows decrease as the objects 
evolve, since they find only low velocity flows (V < 1 0 
the kms- 1 ) w i t h no s p e c i f i c mo r p h o l o g y for 
cometary 
included 
and 
the 
bipolar 
bipolar 
clearly defined bipolar 
in the i r nebulae 
nebula centred on 
molecular f I ows 
recognized around any visible T Taur i. 
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The association of high v e l o c i t y mo l e c u l a r gas, 
Herbig-Haro objects and low luminosity ir sources embedded 
in dark clouds, suggests that the interaction of winds 
from young stars with the ambient molecular cloud, may 
g i v e r i s e to these phenomena . The p i c t u r e t h a t i s eme r g i n g 
is one where oppositely directed flows develop from deeply 
embedded sources in dense molecular clouds. The flows can 
be detected by mapping of the CO emission. Only when the 
flows break free of the dark c l o u d ma t e r i a l do we see 
evidence of this ejection in the form of shocked gas, 
appearing to us as Herbig-Haro objects (and also water 
masers although these will not be discussed here). The 
lack of observed bipolar flows around visible T Tauris, or 
HBe stars for that matter, together with the lack of high 
v e 1. o c i t y f lows around visual compact nebulae could be 
evidence that the we l call imated mass loss/outflow stage 
occurs only at the earliest periods of development of the 
stars. An interesting point to note is that in a recent 
search in the UBVRI wavebands for previously unknown 
bipolar nebulae, covering nearly the whole Milky Way north 
of o =- 3 0° , the twenty new o b j e c t s found all had simi l a r 
dimensions t 0 the sizes of the known high velocity 
mo l e c u l a r f l ows (Neck e l and S t au de , 1 9 8 4 ) . 
Va r i o us t he or e t i c a l mode l s have been de v e l oped t o 
explain the en v i r o nme n t a l observations concerned with 
young s t a r forming regions. Most attention has been 
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d i r e c ted a t ex p l a i n i n g the b i p o l a r f l ows and Herbig-Haro 
objects and t 0 a lesser extent bipolar and cometary 
nebulae. Canto and Rodriguez (1980), Canto at al. (1981), 
Barra! and Canto (1981) and Konigel (1982) have produced 
fairly comprehensive models based on the col l i mat ion of 
stellar winds which could occur when an originally 
isotropic stellar wind interacts with a surrounding cloud. 
A bas i c o u t l i n e of sever a 1 of t he mode 1 s w i 1 1 be p r e sent e d 
here. 
3.10 THEORETICAL MODELS 
The need for an i sot r o p i c f 1 ows em an at i n g f rom the 
central object is becoming more and more clear f rom 
observational data and theoretical calculations. Isotropic 
unfocused stellar winds would r e q u i r e much higher 
velocities than could be reasonably expected if they were 
to produce the shock processes be 1 i eved in many quarters 
to be necessary to explain the Herbig-Haro phenomenon. 
Among early work which explored possible wind 
focusing mechanizms was the work by Canto and Rodriguez 
(1980). They considered the interaction 0 f an isotropic 
stellar w i n d w i t h a neb u 1 a r en v i r o nme n t h a v i n g a p r e s sure 
gradient - a situation that could well apply for recently 
formed stars located a t the edge of a dark cloud. The 
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res u l t i s the forma t i on of an o v o i d shaped c a v i t y (figure 
3.4). The stellar wind suffers a shock at the cavity walls 
and is refracted to the tip of the ovoid, towards the 
lower density medium. Another shock occurs here and on 
cooling, the shocked gas radiates as a Herbig-Haro object. 
Canto and Rodriguez applied their model to HH1 and found 
it to be satisfactory in accounting for the observations. 
Canto et al., (1981) soon applied their ideas on 
focusing to the more particular case of the nebulosity 
NGC2261, lluminated by R Mon. Seven arc minites (1 .4pc) 
north of R Mon and on the axis of symmetry of the nebula 
i s t h e He r b i g H a r o o b j e c t , H H 3 9 . CO o b s e r v a t i o n s of the 
region show an elongated (0.8 x 0.4 pc) molecular cloud 
centred on the star . There is also evidence of two 
ant iparallel, low velocity molecular flows, with speeds of 
a few kms- 1 perpendicular to the direction 
of the cloud. Canto e t a l . , propose 
of 
t h a t 
elongation 
R Mon has 
recently formed out of the disk shaped molecular cloud and 
that 
the 
an in i t i a I I y isotropic stellar wind was focused by 
pressure distribution in the disk, into two 
ant iparal lei streams along the poles. These created a 
bipolar cavity in the disk and the northern cavity shines 
by r e f l e c t e d I i g h t f r om R Mo n and i s seen as NGC 2 2 6 1 . The 
southern cavity is obscured by the cloud, due to the t i I t 
0 f the nebula with respect to our line of sight. Thus 
Canto et al., propose that the cometary nebula is in f a c t 
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Figure 3.4 
First S1tock , 
Sa 
low densitr medi1111 
I Ullllocbd Stellar R,~--...... WIN 
A scheme showing the main characteristics of the stellar-wind 
focusing mechanism. The stellar wind suffers a first shock,S, 
at the walls of the ovoid configuration and is refracted 
towards the distant tip. A second shock, S~ occurs here. Upon 
cooling the shocked gas radiates as a Herbig Haro object. 
(Figure taken from Canto and Rodriguez, 1980) 
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bipolar, but one lobe is obscured. The bipolar streams are 
f ina l l y i n j e c ted i n to the low dens i t y sur round i n g me d i um. 
Canto et al. then propose that on emerging from the cloud, 
the streams narrow and HH39 is the result of the northern 
stream shocking against another cloud. The above scenario 
is named the interstellar nozzle effect and is depicted in 
figure 3.5. 
Among the most recent and complete models is that 
proposed by Konigel (1982). The scenario envisioned by 
Konigel is one where a spherically symmetric stellar wind 
expands into the surrounding molecular cloud which has an 
anisotropic and inhomogeneous density distribution. The 
wind evacuates an interstellar bubble which elongates 
direction 0 f the steepest external density along the 
gradient. Under conditions which may characterize the 
protostellar environment, Konigel shows that this bubble 
can become u n stab l e , l e ad i n g to the forma t i on of no z z l e s 
which then channel the flow into two 
supersonic jets. 
oppositely directed 
The jets will accelerate any dense clumps of 
be mat t e r lying in their path and these may then 
identified as Herbig-Haro objects. In this way Konigel is 
able to explain the observed proper 
He r b i g- H a r o o b j e c t s . Wh i l e t he j e t s a r e 
mot ions 
confined 
of 
to 
the 
the 
molecular cloud, they push ahead of them dense layers of 
shocked and swept up ambient material. These layers move 
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The interstellar nozzel. 
<Flgure taken from Canto et al., 1981) 
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more slowly than the jets and are proposed to be 
responsible for the observed molecular flows. On emerging 
through the cloud, the ends of the jets will be seen as 
cometary or bipolar nebulae, depending on the orientation 
of the structure with respect to our ine of sight . The 
object will ina l l y be observed through a thick disk or 
torus centred on the star, with one or two nebular lobes. 
As more observational data becomes available the 
above evolutionary models will be changed and refined. In 
view of this, observational data already published on the 
bipolar nebulosity centred on LkHa208 will be presented, 
followed by chapters presenting new data on the nebulosity 
together with interpretations. These may help to shed more 
light on the latter stage of the above 
that of the bipolar nebular phenomenon. 
scenarios, namely 
3.11 LkHa208 AND ITS NEBULOSITY 
Herbig (1960) included LkHa208 
o=+18°42', epoch = 1900) in his sample of 26 stars which 
he ex ami ned w i t h the a i m of i dent i f y i n g a class of objects 
that would be higher mass analogues of the T Tauris. He 
found it to be a thirteenth magnitude star, and described 
envelope the spectrum as being that 0 f an extended 
super imposed on a rather late type B star. Herbig and Rao 
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(1972) designated the spectrum of the star as B5-B9e. It 
is located near the edge of a dark cloud which extends 
about 1 degree to the north and south, and lies precisely 
between two nebular lobes which give the object the 
appearance of an hourglass. The lobes are about 1 arc 
minute in diameter, and the spectrum of the northern 
nebulosity shows strong absorption lines of hydrogen and 
appears 
1960) 
region, 
to be purely a reflection of the star (Herbig, 
1. 8 degrees north of LkH<t208 is a large Hll 
NGC2175, which is excited by HD42088, an 06 star 
with a distance modulus of 11.5 magnitudes (Walker, "1956). 
If the two nebulae are associated in space then this gives 
a distance of 2 kpc to the object. Calvet and Cohen (1978) 
however, place a lower I i m i t of 0 . 4 4 k p c to the object , 
assuming association with a bright AO star (HD41787) which 
l i e s 3 a r c m i n u t e s east of L k Ha 2 0 8 . They a l so c l ass i f y the 
spectral type of LkH<t208 as FOV, proposing a possible 
change in spectral type over the last 50 years, although 
they note that there is cause f o r caution, since they 
examined different spectral regions to Herbig for their 
classification. On the basis of continuum measurements, 
they calculate an intrinsic extinction to the star as 
Av=,3 5. 
A l an ( 1 9 7 3) me as u r e d t he near i r mag n i tudes of 2 4 8 
early type emission stars. For LkH<t208, he found colour 
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indices of H-K)0.7 magnitudes and K-L)1 magnitude. Of the 
two possible mechanisms which could account for such i r 
excesses, namely thermal radial ion from hot c i r c ums t e l I a r 
dust and I or e I e c t ron b r ems s t r a h I u n g or i g i nat i n g i n a she l l 
of ionized gas, Alan concluded that the colour indices in 
this case were too high to be accounted for by the latter 
a I tern a t i v e . T h i s work has further been confirmed and 
discussed by Strom e t a l . (1972), Cohen (1973), Calvet 
and Cohen ( 1 9 7 8) , and F i n ken z e I I e r and Mundt (1984). All 
argue for the presence of hot (1600 K) circumstellar dust, 
p o s s i b I y i n t he f o r m o f a d i s k p e r pend i c u I a r to t he ma j or 
axis of the lobes and close to the stellar surface. Vrba 
(1979) to some extent confirmed the above deductions by 
observing the intrinsic polarization of the star through a 
10 arc second aperture from 1 to 3 pm- 1 • However, it seems 
very I ike I y that this aperture would contain not only 
c i r c ums t e I l a r dust but a l so mater i a l contained in the 
nebular lobes. He found polarizations in the range of 1% 
to 3% with vector posit ion angles perpendicular to the 
major axis of t he d i s k and a r g u e d t h a t the I ow I eve l s of 
polarization are consistant w i t h the product ion method 
being that of scattering from t he c i r c ums t e l l a r dust , 
wh i c h i s i n e f f i c i en t . 
Cohen ( 1 9 8 0) i n vest i gat e s the n a t u r e of the dust 
by looking for spectral features in the 10 pm region. He 
finds that for LkHa208, the emission spectrum matches the 
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features of si 1 icate grains identified in the Trapezium 
region of Orion. Finkenzel ler and Mundt (1984) have 
c omp i 1 e d a 1 1 a v a i 1 a b 1 e data concerning LkHa208 and 56 
other Herbig Ae/Be candidates, and together with new data, 
clearly demonstrate that LkHa208 belongs to the Herbig 
class of pre-main sequence, high mass counterparts of the 
T Tauris. 
Observational information concerning LkHa208 is 
listed in table 3.1. Note that the visual extinction has 
b e e n c a l c u l a t e d w i t h R = 3 . 1 a n d t h e i r e x c e s s a t 3 . 5 f.lm i s 
defined by (V-L)- (V-L )o where (V-L) is the dereddened 
measured colour and (V-L) 0 is the intrinsic colour of a 
main sequence star with the same spectral type. 
Observations of molecular flows around the object 
have revealed evidence tor only 1 ow v e 1 o c i t y f 1 ows ( 6. 5 
kms- 1 ) with no specific morphology (Bally and Lada, 1983). 
Ba 1 1 y and Lada f i n d i t d i t t i c u 1 t to dec i de i f the f lows 
reflect localized energetic activity centred in the s t a r 
or turbulent, gravitationally bound motions in the ambient 
molecular cloud. 
The only investigation so far to have been carried 
out concerning the nebular lobes was by Khachikyan and 
Parsamyan (1965), who photographed the nebulosity in three 
colours in a system similar to the UBV system and reported 
the northern lobe as being brighter than the southern lobe 
by one magnitude in U and half a magnitude in Band V. 
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Observations 
Photographic magnitude 
Spectral type 
Ha equivalent width 
Ha FWHM 
Ha p r o f i I e t y p e 
Visual magnitude 
U-B 
B-V 
Visual Extinction, Av 
I n f r a- r e d mag n i t u des 
H 
K 
L 
Infra-red excess at 3.5 ~m 
Table 3.1 
13 
85 - B9e 
5 A 
21 0 kms- 1 
double peak 
emission 
12.74 
0.31 
0.47 
1 . 9 
9.85 
8.88 
7.28 
4.0 
Reference 
Herbig (1960) 
Herbig and Rao (1972) 
Finkenzeller and 
Mundt ( 1 9 8 4) 
Dibai (1969) 
AI an (1973) 
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They propose that the luminosity of the nebula cannot be 
solely attributed to reflection 0 f the I i gh t by the 
central star, since they calculate the brightness of 
nebula t 0 exceed by three stellar magnitudes 
the 
that 
predicted by the Hubble relationship. 
New data of the nebular lobes will now be 
presented with the aim of further investigating the role 
of bipolar reflection nebulae 
evolution of stars. 
in 
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CHAPTER 4 
NEW OBSERVATIONAL RESULTS 
4.1 OBSERVATIONAL DETAILS 
Polarimetric observations were made of the 
nebulosity illuminated by the star LKHa208, on January 
1st, 1979. The observers were Drs. S.M.Scarrott, K.J.Watts 
and R.F.Warren-Smith. The instrumentation consisted of the 
Durham imaging polarimeter and a McMullan electronographic 
camera. These were used in conjunction with the 1 metre 
t e I esc ope a t t he W i s e Ob s e r v a t o r y , I s r a e I , a t the f/13.5 
focus. The operation of the polarimeter system and the 
subsequent da·ta reduct ion procedures has at ready been well 
documented by Warren-Smith (1979) and Scarrott et al., 
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(1983). Four one hour exposures were taken using a broad 
band V filte·r (GG455 + BG38), and IIford L4 emulsion. The 
grids were aligned north to south, and the nebula lay 
along the centre of one of t h e p o l a r i me t e r grids. 
Reduction of the data was carried out on a Vax11/750 
computer using the suite of 
W a r r e n-Sm i t h . 
programmes developed by 
The nebulosity was later observed in the standard 
UBVR wavebands using only the electronographic camera. The 
observations were again made at the Wise Observatory, this 
time at the f/7 focus, on the nights of the 17th to 23rd 
November 1982. The observers were D.S.Berry and the 
author. Flat field exposures were made for each waveband, 
a screen on the inside of the observatory dome being 
uniformly i l l um i n a t e d for 
electronographic emulsion was 
this 
used 
purpose. Kodak 
and altogether, 
exposures totalling 230 minutes were aquired of the object 
in U, 150 minutes in B, 160 minutes in V and 180 minutes 
in A. 
several 
In between each exposure the image was moved by 
m i I I i me t r e s on the photocathode of the 
electronographic camera. This ensured that in the event of 
any part of the photocathode being insensitive (due, for 
example, to photocathode defects), all parts of the object 
could st iII be measured. 
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4.2 REDUCTION OF THE DIRECT ELECTRONOGRAPHIC DATA 
P.D.S. 
The electronographs 
microdensi tometer 
were digitized using the 
at the Royal Greenwich 
Observatory. The reduction procedure was then standard, 
apart from some at ignment problems which necessitated 
using defects on the photocathode to l i ne up the f l at 
fields and the object electronographs. Procedures from the 
Eleotronographic Data Reduction System (EDRS) developed 
for Start ink (a network of Vax11/780 and Vax11/750 
computers comprise the S.E.R.C Start ink project) by 
Warren-Smith, were applied to the raw data. These enabled 
removal of the unexposed film density from each exposure. 
S I i g h t non I i n e a r i t i e s i n t he r e s pons e o f t he emu l s i on and 
miorodensitometer, and drifts in the zero level which 
occur during scanning, were also accounted for. Flat 
fields were 'cleaned' by locating localized blemishes, 
such as scratches and dirt, and were then checked for 
consistancy between different images to locate any smooth 
blemishes. The flat field exposures were then aligned and 
averaged to produce a map of the photocathode. The map 
acts as a sensitivity calibration, enabling correction of 
the object electronographs for the point to point 
variations in the sensitivity of the photocathode. After 
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subtraction of the background night sky signal from each 
of the object plates, the object images were aligned using 
appropriate stars in the field. The images were then 
stacked to produce a final, corrected image. 
Both the polarimetry images and the direct images 
were calibrated for scale using the coordinates of six 
stars in the field of the object. These coordinates were 
taken from the Palomar Sky Survey plates and are I isted 
below in table 4.1. The stars concerned are marked on 
plate 1. 
table 4.2, 
The scales of t he f i n a I images a r e I i s t e d i n 
as are the seeing disk sizes for each waveband. 
The seeing disk size was estimated for each colour by 
f i t t i n g gauss i an p r o f i I e s t o s t a r images i n t he f i e I d . 
Table 4.2 also I is t s the mean effective 
wavelength, and the bandwidths for each filter. These were 
calculated by determining the resultant spectral energy 
distribution of the star when observed through the various 
optical components. The spectral characteristics of the 
individual filters, the telescope mirrors, the atmosphere 
and the electronographic camera were taken into account. 
The source, LKHa208 was represented 
radiating at 7000 K (Calvet and Cohen, 
by 
1973). 
a black body 
point 
It has not been possible to calibrate the zero 
in the magnitude scale for any of the images, since 
the central star LKHa208 was burnt out on both long and 
short exposures. All of the other stars in the digitized 
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Table 4.1 
Number of star Right Ascension (1950) Declination (1950) 
on plate i 
6H 411 58 . 1 6 9 8 1 8° 4 0 ' 53 . 1 3" 
2 6H 411 53 . 4 1 98 1 8° 4 1 ' 3 0 . 8 4" 
3 6H 411 53 . 1 9 7 8 18°42'03.66" 
4 6H 41'1 48.8968 1 S0 4 1 ' 3 8 . 6 7" 
5 6H4~'~52.725 6 1 8° 3 8 ' 2 8 . 1 0" 
6 6H 411 47.1955 1 S0 3 8 ' 55 . 2 5" 
Table 4.2 
z 
rn 
Waveband Scale in arcseconds Seeing disc Mean Bandwidth of T ran sm i t ted ~ 
0 
per pixel (arcseconds) Wavelength Spectrum OJ Ul 
rn 
:n 
< 
u 1.8 3.0 3805A 325A )> 
--i 
B 1 . 8 2.8 4473A 941A 
0 
z )> 
r 
v 1.8 2.4 5402A 713A :n 
rn 
R 1 . 8 2.3 6479A 1488A Ul c 
r 
V(GG455 BG38) 1.4 3.5 5198A 1133A --i + Ul 
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field, for which the magnitudes were known, were also 
burnt out. Attempts were made to calibrate the data by 
comparison with that of Khachikyan and Parsamyan (1965) 
who recorded the i r data in 9.7 arcsecond bins. 
Unfortunately, it was difficult to compare their data 
points with the new data, since the presentation of their 
data with respect to north was found to be in error. At 
best the new data in B and V could only be calibrated 
roughly to within 0.5 magnitudes. 
Plate 1 shows a print of the object in the visual 
using an electronograph as the negative. The presence of 
ufl; 
the dark cloud to the FIS~~ hand side of the print may be 
inferred by the low number of stars in this region. Plates 
2, 3, and 4 are photographs of the nebula in the visual 
waveband. They have been taken from an image display unit. 
The upper and lower data values displayed are changed for 
each plate, so highlighting the different features of the 
nebulosity. Contour maps of alI the colours are presented 
i n f i g u r e s 4 . 1 t o 4 . 4 . A p o l a r i z a t i on rna p o f t he o b j e c t i s 
presented in figure 4.5. The polarization at each point is 
r e p r e sen t e d by a l i n e , t he l eng t h o f wh i c h i s p r o p o r t i on a l 
t o t he de g r e e o f p o l a r i z a t i on and t he o r i en t a t i on o f wh i c h 
is parallel to the g vector. The polarization is shown 
sup e r imposed on a con t o u r rna p o f t he o b j e c t i n f i g u r e 4 . 6 . 
Traces of polarization and brightness along the major axis 
of the nebula (running north to south through the star 
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PLATE 1 
A print of the nebulosity illuminated by LKH~208 
in the visual waveband. An electronograph was used 
as the negative. The polarimetry images and the 
direct images were calibrated for scale using the 
coordinates of the six marked stars. 
PLATE 2 
Plates 2, 3, and 4 are photographs of the nebula in 
the visual waveband. They have been taken from an 
image display unit. The upper and lower data values 
displayed are changed for each plate, so highlighting 
the different features of the nebulosity. Plate 2 
displays the highest intensity regions and plate 4 
displays the lowest. The stars marked 2 and 5 on plate 
1 are also shown. 
PLATE 3 
The nebulosity illuminated by LKH~208 
in the visual waveband. 
PLATE 4 
The nebulosity illuminated by LKHx208 
in the visual waveband. 
PLATE 5 
A simulated model image of the nebulosity in the visual 
waveband. The dust responsible for the scattering of 
radiation from LKH~08 is concentrated at the parabolic 
surfaces of the cavity model nebula.The optimized nebula 
parameters, recorded in the text, were used to generate 
this image. The photograph has been taken from an image 
display unit and the stars marked 2 and 5 on plate 1 are 
also shown. 
Focus of inner paraboloid = 10.97 arcseconds 
Focus of outer paraboloid = 8 arcseconds 
~ . 
PLATE 6 
A simulated model image of the nebulosity in the visual 
waveband shown contoured, to give an impression of the 
form of the intensity fall -off with increasing distance 
from the star. Again, the photograph was taken from an 
image display unit and stars 2 and 5 are marked. 
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Figure 4.1 
A contour map in the ultra-violet waveband, of 
the bipolar nebulosity illuminated by the star 
Lk~208. The contour spacing is 0.2 magnitudes. 
The data presented here has been smoothed by 
averaging ln bins of 2x2 pixels. 
Figure 4.2 
A contour map ln the blue waveband, of the 
bipolar nebulosity illuminated by the star 
LkH~208. The contour spacing is 0.2 magnitudes. 
• 
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Figure 4.3 
A contour map in the visual waveband, of the 
bipolar nebulosity illuminated by the star 
LkH«208. The contour spacing is 0.2 magnitudes. 
1 7.6 II 
, 
Figure 4.4 
A contour map in the red waveband, of 
the bipolar nebulosity illuminated by 
the star LkH~208. The contour spacing 
is 0.2 magnitudes. The data presented 
here has been smoothed by averaging 
in bins of 2x2 pixels. 
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Figure 4.5 
The linear polarization map of the bipolar 
nebulosity associated with LKH~208. The 
integration bins used are 3 x 3 pixels I at 3 
pixel intervals. The observations were made 
using a broad band V filter. 
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Figure 4.6 
A contour map of the bipolar nebula, shown 
superimposed on the linear polarization 
map. The contour spacing is 0.2 magnitudes. 
28 
26 
c 24 
0 22 ........ 
+-' 
ru 20 N 
....... 18 '-ru 
......-t 16 0 
a.... 14 
QJ 12 rn 
ru 
+-' 10 c 
QJ 
·a u 
'--QJ 6 a.... 
4 
2 
90 
+ 
•• 
+ ++ 
+ 
• + 
+t + • • • 
•• • 
.. • 
• • 
N 
• 
s 
• 
• • 
• • 
• 
• 
• • 
80 70 60 50 40 30 20 10 0 10 20 30 L.O 50 60 70 80 90 
Distance from the Central Star (arcseconds) 
Figure 4.7 
A trace, taken along the major axis of the nebula, 
of the degree of polarization as a function of the 
distance from the central star. The integration 
bins used here are the same as in figure 4.5. 
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Figure 4.8 
A trace. taken along the major axis of the nebula. 
of log (intensity) as a function of the distance 
from the central star. The integration bins used 
here are the same as in figure 4.5. 
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centre) are given in figures 4.7 and 4.8. 
4.3 DISCUSSION OF THE PHOTOMETRIC FEATURES 
At first glance one of the striking features of 
the photometric data, as already commented upon by Hubble 
(1922), is the classical hourglass appearance of the 
nebulosity, with the northern lobe being clearly brighter 
than the southern in at I colours. A closer invest i gat ion 
of figures 4.1 to 4.4, however, soon reveals asymmetries 
in the object about the major axis. 
A l l f o u r co l o u r s show an i n t e n s i t y e n h a n c eme n t i n 
the north-western part of the northern lobe, which gives 
the impression of a jet emanating from the central object. 
The percentage polarization appears to be well correlated 
with the feature, the polarization rising significantly, 
by as much as 10% above the corresponding area in the 
north-eastern lobe. The jet extends over 22 arcseconds. It 
could be due to a higher concentration of dust in this 
vicinity as compared to the corresponding area in the 
north-eastern part of the lobe. Excessive dust would cause 
more light to be scattered out of the nebula and towards 
the observer, so enhancing the observed brightness of this 
region. If the jet is oriented such that light scattering 
1 r om t h e d u s t i n t h e j e t i s s c a t t e r e d t h r o u g h a n g I e s c I o s e 
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to ninety degrees, then an increase in the percentage 
polarization would also be expected. The rapid brightness 
fall off, seen by the strong gradients to the west of the 
bump, could be evidence of a fall off in the dust density 
away from the jet, causing the brightness to also fall 
rapidly (by a maximum of 0.2 magnitudes per square arc 
second). 
effect, 
dust at 
The enhancement may be purely an i I I um i n a t i on 
in the form of a shaft of light penetrating the 
an appropriate angle, so causing both the 
polarization and the brightness in the region to increase. 
I f t h i s f e a t u r e i s i n deed an i I I um i n a t i on e f f e c t , but is 
caused by some source other than the star, then there 
should be some deviation in the centro-symmetry of the 
polarization pattern. This is not observed, and there is 
therefore no evidence indicating any source of 
i l l um i n a t i on other than LKHa208 for the nebulosity 
contained in the region of the enhancement. 
A l l o f t he maps h i n t a t the possibility of a 
second jet- I ike feature in the south-eastern part of the 
southern lobe. The percentage polarization measurements, 
however, give no such indication, and show a high degree 
of symmetry about the major axis. 
The other obvious feature of the photometric data 
is the pinched 'waist' of the hourglass, perpendicular to 
the major axis of the lobes. As discussed in previous 
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chapters, there is ample evidence to suggest and support 
arguments for the existanoe of circumstellar rings around 
Herbig Ae/Be stars, and indeed around LKHa208 itself. The 
present data adds further support to this work. The 
brightness gradients throughout the 'waist' increase from 
the red through to the ultra-violet and so indicate 
increased extinction of the stellar radiation with 
decreasing wavelength, as would be expected for radiation 
which is extinguished by dust. 
The nebulosity is known to l i e at the edge of a 
dark cloud to the east. Inspection of the photometric data 
i mp l i e s t h a t i n g e n e r a l , t h e b r i g h t n e s s f a l l s o f f faster 
in all colours in the eastern parts of the nebular lobes 
than in the western parts. This has the effect of giving 
the object a slight boomerang shape, the lobes appearing 
swept towards the west. 
As already noted above, the northern lobe is 
brighter than the southern lobe. The brightness difference 
between the two lobes was examined by comparing data 
points in the northern lobe with their corresponding, 
diametrically opposite points in the southern lobe. These 
v.p t:D 
differences were found to vary widely (by a-t least 1 
magnitude) over the nebulosity in each colour. However, 
the values reported by Khachikyan and Parsamyan, of 
differences of one magnitude in U and half a magnitude in 
B and V, are certainly representative of the average 
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brightness differences of the two lobes. 
Figure 4.9 presents curves showing the brightness 
differences (in magnitudes), between the north-eastern snd 
south-western parts of the lobes, as a function of radial 
distance from the central star. For all colours, there is 
a maximum brightness difference around 24 arcseconds from 
the central star which then decreases as the distance from 
the centre increases. The differences were plotted against 
1/A, and were found to show a roughly linear increase with 
inverse wavelength, as is observed for interstellar 
ext inc t ion. The l i g h t f r om t h e sou t he r n l o be i s l i k e l y t o 
be extinguished by dust, since there are few other 
processes that could account for the above data. 
I f i t is assumed that the southern lobe is 
intrinsioally as bright as the northern lobe, but appears 
fainter only due to obscuration by dust lying between the 
observer and the lobe, as proposed above, then it is 
possible to calculate from each pair of data points, 
E(A-V)/E(B-V) for the obscuring dust in all four colours. 
(E(Ai-A2 )=A(A1 )-A(A2 ), and the extinct ion, A(A), for a 
g i v en co I o u r , i s s i mp l y t he b r i g h t ness d i f f e r en c e i n t h a t 
colour, between the two lobes.) The data were smoothed by 
averaging in bins of 4 pixels before the calculations were 
made. 
On averaging the results for a I I the pairs of 
points, it is found that the standard deviations from the 
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mean for the normalized extinctions in each colour are 
very large. I f t h e a s sump t i on t h a t t he t wo l o be s a r e 
i n t r i n s i c a l l y o f t he sa me b r i g h t ness i s v a l i d , then the 
normalized extinctions should be the same for all of the 
points. Clearly then, the two lobes are not reflections of 
e a c h o t h e r i n eve r y de t a i l ( a s ex emp l i f i e d by t he p r e s e n c e 
of the jet-like feature in the NW part of the northern 
lobe). T h i s , comb i ned w i t h t he f a c t t h a t t he r e i s c l e a r l y 
a s ynme t r i c o b s c u r a t i on o f t h e o b j e c t , s u c h a s t h a t due t o 
the dark cloud (which gives the object its slight 
boomerang shape), accounts for the large variations in the 
normalized extinct ions when calculated over the whole 
nebula. However, on the basis of the polarization 
observations (discussed in detail below) and the data 
shown in figure 4.9, the two lobes must basically be very 
similar in structure and the southern lobe must be seen 
extinguished by dust since there is no other explanation 
1 or the observed increase in extinction with increasing 
1 /A. 
It has been demonstrated clearly that the observed 
b r i g h t ness d i s t r i b u t i on s a r e no t s ynme t r i c e i t he r abo u t 
the major axis of the nebula or about the plane of the 
dust ring. Further i mp l i c a t i on s and d i s cuss i on o f t h i s 
work wi II now be reserved unt i I chapter 5, where the 
information gained from the numerical modelling of the 
nebulosity wi II be presented. 
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4.4 DISCUSSION OF THE POLARIZATION FEATURES 
The polarization map of the nebulosity shows the 
t yp i cal , centrosymmetric pattern expected of a nebula 
which is illuminated by a single point like source (as 
discussed in section 3.5). The electric vectors close to 
the star form an elliptical arrangement, suggesting a 
source which is slightly extended along the minor axis of 
the nebula, parallel to the ring. 
The trace of the percentage polarization along the 
major axis of the lobes as given in figure 4.7, shows that 
the degree of polarization is very symmetric about the 
star position. This is remarkable considering the 
asymmetry of the brightness distribution between the two 
lobes. I t is worth noting, however, that 
investigation of the curve reveals that for 
a close 
several 
points, the polarization in the southern lobe is 
ma r g i n a I I y ("" 1%) l owe r t han t he 
the northern lobe.) The level 
corresponding point in 
of polarization rises 
r a p i d I y w i t h o f f s e t d i s t a n c e f r om t he s t a r , 1 r om t y p i c a l I y 
3% close to the star up to 24% at 55 arcseconds along the 
major axis. 
There are several possible nebular structures 
which may prove suitable in accounting for the 
1 01 
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observations. They fall into two groups. One consists of 
nebular lobes which are filled with scattering material 
and the other consists of cavity lobes in which the 
scat t e r i n g mater i a I 
structure. 
is concentrated on the walls of the 
Any nebular model must attempt to explain the 
observed levels and gradients in the percentage 
polarization plots together with the brightness 
differences between the lobes. In earlier work (Shirt et 
a I , 1 9 8 2 ) t he h i g h de g r e e o f s ymme t r y i n t he p o I a r i z a t i on 
at equivalent positions in the lobes was taken to indicate 
t h a t t he s c a t t e r i n g g e ome t r y i n each l o be i s v e r y s i m i l a r , 
wh i c h i mp l i e s t h a t t he r e i s l i t t l e o r no t i l t o f t h e ma j o r 
axis of the nebula with respect to our line of sight. An 
upper limit of 10 degrees was placed on the tilt. The 
d i f 1 e r e n t b r i g h t n e s s d i s t r i b u t i on s o f t he t wo I o be s co u I d 
be accounted for by a circumstellar ring which is very 
extensive in the radial direction. Such an interpretation 
seemed confirmed from plots of the intensity ratios of the 
two lobes along the major axis. At large distances (60 arc 
seconds) f r om t he c en t r a l s t a r , t he r a t i o w a s f o u n d t o be 
unity and the lobes were of equal brightness. Taking these 
measurements to indicate extinction of the southern lobe 
by t he r i n g ma t e r i a I , t h e ma s s o f t he r i n g , a s sum i n g i t t o 
be i n t h e f o r m o f a t h i n d i s c w i t h a c i r c u l a r l y s yrrrne t r i c 
radial density fall-off, was estimated as 0.3 Mo. 
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F u r t he r i n v e s t i g a t i on r e q u i r e s n ume r i c a l mode l l i n g 
of the data in order to assess precisely how large a tilt 
of the nebular lobes is acceptable and to determine the 
g e orne t r i c p a r a me t e r s o f t he neb u l o s i t y . Mode l l i n g i s a l so 
expected to provide information concerning the nature of 
the grains, their size distribution and any dust density 
gradients in the nebulosity. 
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NUMERICAL MODELLING OF REFLECTION NEBULOSITY 
5.1 FORMULATION A SINGLE SCATTERING MODEL 
The polarization and intensity of the radiation 
which scatters from dust contained in the nebular medium, 
is determined by the composition and size distribution of 
the grains, dust density variations within the nebular 
medium, the nebular geometry, and the relative position of 
the illuminating source. These quantities have been 
d i s c u s s e d i n a qua l i t a t i v e ma n n e r in section 3.6. The 
theoretical calculations necessary to predict actual 
polarizations and brightnesses 
nebulae will now be presented. 
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Consider an arbitrary shaped nebula illuminated by 
a single point like source as depicted in figure 5.1. For 
any line of sight column through the nebulosity, the 
observed intensities and polarizations are the combined 
result of scatterings taking place at each element along 
the given column. 
According to van de Hulst (1957), the scattering 
of a beam of light from a smooth, homogeneous sphere may 
be r e p r e sen t e d by t he ma t r i x e qua t i on 
Ss = M( a). S1 ..... ( 5. 1) 
where S1 and Ss are the Stokes vectors describing the 
incident and scattered beams (discussed in section 
2 • 1 0 • 1 ) . M (a) i s t he s c a t t e r i n g ma t r i x and a i s t he cos i n e 
of the scattering angle. According to this formulation, 
the incident Stokes vector has units of Watts per un i t 
area (ie. units of flux), the scattered Stokes vector has 
units of Watts per steradian (ie. units of power), and the 
scattering matrix has units of area. If the normal to the 
scattering plane is taken as a reference direction for the 
Stokes parameters (figure 5.2), then M(a) has the form 
C D 0 0 
M(a) = D C 0 0 
0 0 E -F 
0 0 -F E 
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y 
1' 
' L i n e of s ic h t col u m n 
Dusty nebular 
medium 
Figure 5.1 
A 
r 
Single scattering in an arbitrary shaped 
nebula illuminated by a single source. 
The x axis ls directed perpendicularly 
aut of plane of the page. 
y 
8 
Figure 5.2 
Dusty nebular 
medium 
X 
Single scattering from an arbitrary shaped nebula. The XY 
plane contains the plane of the sky, and the scattered light 
propagates perpendicularly out of the plane of the paper. 
Several lines of sight, A to E, are shown, and the direction 
of the normals to each scattering plane are indicated. When 
the Stokes vectors of the scattered light have been calculated, 
they may simply be transformed to refer to the x axis as their 
reference direction. 
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where C, D, E and Fare combinations of the complex Mie 
s c a t t e r i n g amp I i t u des , des c r i bed i n sect i on 2 . 1 0 . 1 
Light from the star is unpolarized and may be 
represented by the Stokes vector 
= 0 
0 
0 
The scattered I ight 
vector 
Ss 
c 
= D 
0 
0 
then, is described by 
..... (5.3) 
the Stokes 
..... (5.4) 
taking the normal to the scattering plane as the reference 
direction. The scattered intensity is given by the first 
c omp one n t o 1 58 and t he s c a t t e r e d p o I a r i zed i n t ens i t y , by 
the second component (this is seen from equations 1.11 and 
1.14). In order to calculate the brightness and polarized 
intensity of t he I i g h t f r om e a c h s q u a r e a r c s e con d o f t h e 
nebulosity the following procedure was adopted. 
Consider an element of the nebular medium of 
length dz at a distance I from the source, on the I ine of 
sight column of cross sectional area A, shown in f i gu r e 
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5 . 1 . I f w i s t he t o t a l p owe r s c a t t e r e d into unit solid 
angle by a single dust grain in the element, and the 
numb e r dens i t y o f s c a t t e r i n g p a r t i c l e s p e r u n i t v o l ume o f 
the nebular medium is N, then the total power W scattered 
by this column is given by 
..... (5.5) 
w, the power scattered by a single grain may be calculated 
from 
w = 1.· 0./2Jt) 2 • (F1 (8)+F2 (8)). I 
2 
..... (5.6) 
(equations 5.1, 5.2, 2.14 and 2.19 lead to this result), 
where is proportional to the power scattered 
perpendicular to the scattering plane, is 
proportional to the power scattered in this plane and 
perpendicular to the direction of propagation. I , the 
l i g h t f l u x a t each e l eme n t , i s s i mp l y 
I = .b. ..... (5.7) 
4 . Jt . 12 
where L is the stellar I um i nos i t y. Combination of 
equations 5.5, 5.6 and 5.7, enable the total scattered 
power to be writ ten as 
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Changing variables from z to 8 leads to 
W = A2 .A.L. 
32. n.3 r 
where N(8)is the dust density evaluated on 
..... (5.8) 
. ... ( 5. 9) 
the line of 
sight column at the position where the scattering angle is 
8. 
The I i n e o f s i g h t co l umn sub t ends a so l i d an g I e 
to t he o b s e r v e r , wh e r e D is the distance to the 
nebula. The energy flux from an element of nebulosity 
subtending a solid angle of one square arcsecond is 
therefore 
lo = W/Aa2 .... (5.10) 
(a = ( 2 0 6 2 6 5 ) i s t he numb e r o f a r c seconds i n a r ad i an ) , or 
more completely, 
I o = A2 • L. 
3 2 .n.3 r a2 
.... (5.11) 
Since the flux from the star at the observer is 
I B T A R = L I 41l.D2 . . . . ( 5 . 1 2 ) 
the brightness of the nebulosity (measured in magnitudes) 
may be g i v en i n t e r ms of t he s t e I I a r b r i g h t ness . 
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rTlo\1 E B = -2. 5 l og1 0 I 8 I A A • 0 2 • A 2 
8 . Jt 2 r a.2 
: Ills T A R - 2 · 5 l 0 g1 0 
J 
81 
N(B). (Ft (8)+F2 (8)). dB 
82 
.... (5.13) 
f 9t N(9). (F1 (9)+F2 (9)) .d9 92 
.... (5.14) 
where rTlN E a and rna I A A are the b r i g h t ness e s of the nebula 
and star in magnitudes per square arcsecond. As is clear 
f r om e q u a t i o n s 5 . 1 , 5 . 2 , 2 . 1 4 , a n d 2 . 1 9 , cal cu l at ion of 
the polarized intensity simply requires changing the term 
Internal extinct ion of the I ight by the nebular 
me d i um h a s no t be en con s i de r e d so f a r . I t i s n e g l i g i b l e 
for very optically thin nebulae, but must otherwise be 
taken into account. Two principle mechanisms contribute to 
the removal of I i gh t 1 rom an incident beam, namely 
absorption and scattering of the radiation at the grain 
surfaces. The extinction length along a path, to, is given 
by the average extinction cross section (due to both 
scattering and absorption of radiation) of the grains, 
~X T and the number of scatterers along the path, N, such 
that 
to = 1/( N.CEXI) .... (5.15) 
A beam of light traversing a path of length a, will be 
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reduced in intensity by a factor of exp(a/to) at the end 
of the path. If t 0 becomes comparable to or less than the 
d i mens i on s t y p i c a L o f t he neb u L a u n de r cons i de r a t i on , t hen 
the amount of I ight which undergoes several scatterings 
before escaping from the nebula is no longer negligible, 
part i cu 1 a r 1 y i f the albedo of the grains is high. Under 
such con d i t i on s , t h i s mu 1 t i p 1 y s c a t t e r e d 1 i g h t mu s t then 
be taken into account. In this text however, only 
o p t i c a l l y t h i n mode l n e b u l a e w i l l be con s i de r e d a n d s i mp l y 
taking account of internal extinction as described above 
is sufficient. 
For finite optical depths, the light w i l l be 
extinguished in its passage from the star to the scatterer 
and from there to the surface of the nebula. Following 
figure 5.1 and considering the scattering element shown, 
the path lengths to the scattering centre and then to the 
nebular surface are given by 
(r.cosec8) and (r.cot82 - r.cot8) .... (5.16) 
respectively. So an extinction factor, r(8), given by 
r(8) = exp (-r (cosec8 + cot82 - cot8)/to) 
.. (5.17) 
should be in the line of sight integral in equation 5.14. 
l:hL (;ewn 
Also, -a -1.086.(ro/to) should to be added to expression, 
to account for the extinction of the star within the 
nebula. ro is taken to be the distance of the star from 
11 0 
NUMERICAL MODELLING OF REFLECTION NEBULOSITY 
the front surface of the nebula. 
D u r i n g t he co u r s e o f t he wo r k to be presented, 
i n v e s t i g a t i on s we r e c a r r i e d o u t con c e r n i n g t he e f f e c t of a 
non-uniform dust density distribution on the calculated 
p o l a r i z a t i on s a n d b r i g h t n e s s e s o f v a r i o u s mode l n e b u l a e . 
The distribution investigated was assumed to consist of a 
power-law fall-off in the dust density with increasing 
r a d i a l d i s t a n c e f r om t h e s t a r . I t t o o k t h e f o r m 
.... (5.18) 
(where Q is the power-index of the distribution) and when 
included in the integral of equation 5.11, causes it to 
take the form 
1. J81 
r e + 1 82 
CF1 (8)+F2 (8)) .sin8 (8) .d8 
.... (5.19) 
(note l=r/sin8). 
Evaluation of equation 5.14 and the simi l a r 
equation which leads to the calculation of polarized 
i n t ens i t y , r e q u i r e d us i n g S imps on s r u l e t o c a r r y o u t t he 
necessary integrations over the scattering functions. 
Simpsons rule was applied successively to increasing 
numbers of points until the required accuracy in the 
integration was obtained. The scattering functions were 
calculated under the exact conditions required, using 
linear interpolation of functions which were previously 
evaluated at 200 scattering angles and stored in a look-up 
1 1 1 
NUMERICAL MODELLING OF REFLECTION NEBULOSITY 
table. 
In order to find the nebular model which best 
reproduces the observational data, a modification of 
Peckhams (1970) algorithm, as implemented by Warren-Smith, 
(1983) was used. For a given set of model parameters, the 
procedure calculates the residuals between the model data 
and the observational data. These are then weighted 
according to the errors on the observational data. Next, 
the algorithm adjusts the parameters of the model and 
approximates the gradients of each residual with respect 
to each model parameter using a local linear function, 
f r om wh i c h i t t hen e s t i ma t e s t he p o s i t i on o f the least 
squares minimum. A weighted set of the previous results of 
the function evaluations are used in forming the 
estimates. Warren-Smith also uses the method to perform 
error analysis for each of the parameters obtained at the 
best fit position. 
5.2 SELECTION OF THE OBSERVATIONAL DATA POINTS TO BE USED 
IN FITTING PROCEDURES 
The observational data values which have been used 
in the model-data fitting procedures all lie along the 
major axis of the nebular lobes, and due to the i r 
position, are believed to be characteristic of the general 
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nebulosity. No other data were involved, since it was 
evident f r om e a r l y c a l c u l a t i on s that i t would not be 
realistic to try to reproduce the observations throughout 
t he neb u I o s i t y . Mode I I i n g as ymme t r i e s such as t he j e t - I i k e 
feature in the north-western part of the nebula (whilst in 
theory possible), would require the introduction of so 
many parameters, in order to de f i ne all possible 
structures of the jet, that a unique solution could not 
exist. Simulation of the east to west variations of the 
data, caused by the dark cloud to the east, is similarly 
u n r e a l i s t i c due t o t he l a c k o f i n f o r ma t i on regarding the 
cloud optical depth, its exact location and its extent 
with respect to the nebulosity. 
The observational data were prepared by 
c a I c u l a t i n g p o l a r i z a t i on s and b r i g h t ness e s ( i n mag n i t u des ) 
that would be measured from a 10 arcsecond circular 
aperture centred on selected pixels lying on the major 
axis. T h e d a t a u s e d d u r i n g mode l l i n g p r o c e d u r e s a r e 
presented in figures 5.3 and 5.4. 
5.3 CONSTRAINTS ON THE NEBULAR PARAMETERS 
Typical opt i cal depths within the nebulosity 
(which determines the dust density) are unknown. It seems 
likely, however, that they will be I ow ( i e. less than 
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Figure 5.3 
The polarization measurements used in model/data 
fitting procedures. The data points all lie along 
the axis of the nebula which runs N/S and passes 
through the central star. The data values measure 
the polarizations from a 10 arcsecond circular 
aperture centred on the specified coordinates. 
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The brightness measurements, in magnitudes <scale ls 
uncalibrated), used ln model/data fitting procedures. 
The data values have been prepared from the corrected 
polarimetry images in the same way as for the 
polarization data presented ln figure 5.3. 
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unity), since the surface brightness of the nebulosity as 
recorded by Khachikyan and Parsamyan (1965) is low 
compared to the star brightness. High optical depths would 
result in higher surface brightnesses than are observed, 
the integrated brightness of the nebulosity being at least 
comparable 
1983). 
to t h a t o f t h e s t a r b r i g h t n e s s ( W a r r e n - Sm i t h , 
Little information is to be gained directly 1 rom 
the observational data concerning the grain parameters 
(i.e. the refractive index of the grains and the indices 
of the power-law functions which describe the grain size 
distribution and dust density variations) and i t is 
d i f f i cu l t at this stage to place any contraints on their 
possible values. However, a lower limit must be placed on 
t he s i z e s of t he g r a i n s i n or de r to remove t he s i n g u l a r i t y 
in the distribution function at a=O. This limit is badly 
defined by the optical data to be used (which 
predominantly records scattered light), since the mean 
scattering cross-section of the dust is insensitive to the 
small sized grains, these being low in scattering 
efficiency. A value of 0.01 1J. will be used. 
The nebular form, seen projected in the plane of 
the sky, (figures 4.1 to 4.4), suggests that a simple 
g e ome t r i c s t r u c t u r e , s u c h a s a b i con e , co u l d be u s e d t o 
describe the nebulosity. The data certainly seem to 
preclude structures such as spherical dust clouds, or 
11 4 
NUMERICAL MODELLING OF REFLECTION NEBULOSITY 
clouds having an irregular geometry. Concerning any 
possible ti It of the nebular structure with respect to our 
line of sight, the data, on the basis of the observed 
s ymme t r y i n t he two I o be s , a r g u e f o r a t i I t wh i c h i s l e s s 
than 1 0° . 
Any nebular model must reproduce the 
centro-symmetry of the polarization pattern, and account 
for an increase in the polarization with offset distance 
from the star of 0.54% per arcsecond. No attempt will be 
made to simulate data values further than 60 arcseconds 
from the star, since the polarization variations with 
offset distance are no longer smooth beyond this I imit. It 
soon became clear that the rapid increase in the 
polarization with offset distance provides a very powerful 
constraint on the possible nebular models. 
The b r i g h t ness d a t a show a f a I I i n b r i g h t ness o f ~ 
0.05 magnitudes per arcsecond. This needs to be accounted 
for, and if possible, so does the difference in the 
brightness distributions in the north and south nebular 
lobes. It was not possible, due to data-calibration 
d i f f i c u l t i e s ( s e c t i on 4 . 2 ) , t o mode l t h e b r i g h t n e s s o f t h e 
nebular lobes relative to the stellar brightness and 
instead, the calculated model brightnesses were normalized 
t o t h e o b s e r v a t i on a l d a t a , so mode l l i n g 
gradients. 
in effect, the 
For each model considered, in order to make 
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efficient use of the computing resources avai table, the 
g r a i n par a meters were v a r i e d 'manu a l l y' over a w i de range 
of values, and the fitting algorithm (described in section 
5 . 1 ) o p t i m i zed on l y t he g e ome t r i c p a r a me t e r s . T h i s en a b l e d 
the location of regions where a fit might be found. The 
grain and the geometric parameters were then optimized 
together. The procedure was subsequently repeated for a 
range of power-indices controlling radial density 
variations. 
As a final check on all nebular models recorded in 
this text, it was ensured that the predicted nebular 
b r i g h t n e s s e s ( i n ma g n i t u de s p e r s q u a r e a r c s e con d ) r e l a t i v e 
t o a 1 2 . 7 4 mag n i t u de s t a r ( w i t h 2 mag n i t u des o f ex t i n c t i on 
in the visual as calculated by Finkenzeller and Mundt, 
1 9 8 4 ) we r e not i nco n s i s t en t w i t h t he r an g e o f b r i g h t ness e s 
recorded by Khachikyan and Parsamyan (1965). 
Several nebular models which have been considered 
as possible candidates wi I l now be discussed in some 
detail, since even though many proved unsuitable, the i r 
study is profitable, as in many circumstances they have 
been found to clarify the interplay of the many parameters 
i n v o I v e d , and have h i g h l i g h t e d t hose wh i c h a r e o f g r e a t e s t 
importance. 
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5.4 A STARTING POINT THE DUST-FILLED BICONE 
The simplest geometry that could be used to 
describe the nebulosity is that of a bicone, depicted in 
figure 5.5 and described by the equation 
.... ( 5. 20) 
The matrix~ contains the principle axes of the bicone 
such that 
.... (5.21) 
I n t h i s for mu l a t i on , u2 i s taken to l i e a l on g the ma j or 
axis of the cones. The matrix 8 is dependent only on the 
opening angle of the bicone, r. 
1 0 0 
8 = o -< tanr/2) 2 o .... ( 5. 22) 
0 0 1 
Figure 5.5 shows u2 ti I ted by an angle Pout of the plane 
of the sky. The major axis of the bicone may also be 
rotated in this plane. In order to be able to calculate 
the forward and backward scattering angles for any I ine of 
sight column (required for the integration I imi t s in 
equations 5.11 and 5.14), f o r any orientation of the 
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The biconical nebular geometry showing the 
nebula til ted by an angle~ out of the plane 
of the sky (taken to lle perpendicular to 
both the plane of the paper and the z axis). 
The opening angle of the blcone is ~ . The 
scattering angles at the front and back 
surfaces of the blcone are marked. 
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bicone, the general equation given above (5.20), was 
written in terms of the observers reference frame, 
depicted in figures 5.1 and 5.5. A simple 
equation given by 
t ran sf or rna t i on 
.... ( 5. 23) 
(X = (x I y I z) and refers to the observers 
frame), enables equation 5.20 to be rewritten as 
reference 
X T • .E T ·~-.E-X = 0 . . . . ( 5 . 2 4 ) 
Calculation of the matrix .E requires knowledge of the 
angle of r o t a t i on , a, of t he rna j or ax i s o f t he b i cone i n 
the plane of the sky, and 8, the tilt of the major axis 
into or out of the plane of the sky (measured after the 
rotation angle) . .E is then given by 
cos a sina 0 
.E = -sinacos8 cosacos8 -sin8 .... ( 5. 25) 
-sinasin8 cosasin8 cos8 
The angles a and 8 are shown in figure 5.6. However, for 
the present case of investigation of the nebulosity around 
LkHa208, the observational data is orientated such that 
a=o. 
1 1 8 
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Figure 5.6 
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If the principal axes of a blcone are defined 
by U, ,U1 and U3 , then the equation of the blcone 
can be written in terms of the XYZ axes, defined 
by figures 5.1 and 5.5, by lnvoklng the appropriate 
transformation equation, which requires the 
measurement of~ and p , as depicted above. 
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5.4.1 POLARIZATION AND BRIGHTNESS CALCULATIONS FOR A 
DUST-FILLED BICONE 
Clearly, the scattering angles at the f ron t and 
rear surfaces of any proposed nebular structure are of 
great importance, since they determine the limits of the 
integrations which must be evaluated in order to calculate 
the Stokes vectors of the scattered light (equation 5.11). 
Figure 5. 7 shows that these l i mit s are the same for a l l 
line of sight columns through an unti lted, non-rotated 
bicone, resulting in uniform polarization throughout the 
nebula. (The only factor required for calculation of the 
Stokes vectors, which differs for different line of sight 
co l umn s , i s t h e e x t i n c t i on f a c t o r . Eve n so , i t s e f f e c t i s 
negligible (provided that the optical depth is low), in 
the calculation of the percentage polarization.) 
Figure 5.8 shows the percentage polarization that 
wo u l d be me a s u r e d f r om t he con e s o f a n u n t i l t e d , o p t i c a l l y 
thin bicone, filled with silicate grains, as a function of 
the opening angle. This figure demonstrates an important 
point concerning the nebular structure. Broadly speaking, 
the percentage polarizations are lower , the wider the 
range of scattering angles (i.e. the greater the opening 
angle). The observational data therefore indicate that 
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Figure 5.7 
The biconlcal nebular geometry shown untllted 
in the plane of the sky <taken to lie 
perpendicular to both the plane of the paper 
and the z axis). The scattering angles at the 
front and back surfaces of the bicone are 
marked for several line of sight columns, A 
B,C and D. 
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Figure 5.8 
The percentage polarization that would be 
observed throughout an untilted, optically 
thin biconical nebula, as a function of the 
cone opening angle. The bicone is uniformly 
filled with silicate grains having a power-
index in the dust size distribution function 
of -3.5. The shape of the curve remains the 
same for a wide range of grain parameters. 
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there must be a wide range of scattering angles close to 
the star, in order to achieve polarizations as low as 5% 
and that the nebular geometry must cause the range of 
scattering angles 
the star. Clearly, 
t o de c r e a s e w i t h o f f s e t d i s t a n c e f r om 
the uniformly dust-filled biconical 
nebular model cannot reproduce the polarization 
observations since the range of scattering angles is 
constant through the structure along any given axis. 
T i l t i n g t h e mo de l n e b u l a i n t h e p l a n e o f t h e s k y , 
as in figure 5.5, does not answer the problem since it 
s i mp l y r e s u l t s i n t he p r o d u c t i on o f different levels of 
polarization in the two cones, the polarization within 
each cone being uniform throughout. 
The model is capable, however, of adequately 
fitting the brightness data, and a wide range of 
parameters enabled reasonable model reproductions of the 
observations. Figure 5.9 presents the model calculations 
compared to the observational data for a bicone with a 
cone angle of 60°. The bicone model required the northern 
lobe to be tilted by 5.7° out of the plane of the sky and 
towards the observer. Silicate grains were taken to fill 
the nebula, and the required power-law index in 
distribution was -3.5. 
the size 
Amongst other things, the above work highlights 
the fact that i t is not d i f f i cu l t to reproduce the 
b r i g h t ness me as u r eme n t s , b u t t h a t i t i s cons i de r a b l y mo r e 
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Figure 5.9 
Nebular brightness calculations for the biconical 
model as a function of offset distance from the star. 
The nebular parameters are recorded in the text. The 
observational data points are indicated with + signs. 
No blconical model was found to be capable of 
reproducing the polarization observations. 
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difficult to simultaneously reproduce both sets of 
observations. 
5.4.2 THE BICONICAL NEBULAR MODEL WITH A RADIAL DUST 
DENSITY DISTRIBUTION 
The biconical nebular model which contains a 
uniform dust density distribution has been shown above to 
be inadequate. The effect of introducing a radial dust 
density variation to the model should now be investigated. 
It is expected for an untilted nebula, with a power-law 
fall-off in the dust density, that the percentage 
polarization will increase along alI I i ne of sight 
columns, since the distribution results in a concentration 
of dust around the 9 0° scat t e r i n g an g I e s . 
The nebulosity is expected to become fainter with 
increasing offset distance more rapidly than the 
nebulosity of an equivalent, uniformly dust-filled 
structure, since the dust density at the front surface of 
the cones is a decreasing function of the radial 
1 r om t h e s t a r . 
distance 
A specific case will be investigated consisting of 
an optically t h i n b i cone wh i c h i s 1 i l l e d w i t h s i l i c a t e 
grains, having a power-index in the grain size 
distribution of -3.5. The percentage polarization in the 
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cones and the average brightness gradients along the major 
axis were calculated for a wide range of opening angles. 
The power-index of the dust density distribution (defined 
in equation 5.18) was varied from 0 to 3. The results are 
recorded in figures 5.10 and 5.11. 
Figure 5.10 demonstrates the dramatic impact that 
increasing the dust density power-index has on the average 
b r i g h t n e s s g r a d i e n t s . T h e y r i s e f r om a n a v e r a g e v a r i a t i on 
of 0.04 magnitudes per arcsecond with a uniform dust 
density distribution, to 0.145 magnitudes per arcsecond. 
The brightness gradients do not change significantly with 
increasing cone angle. The gradient observed along the 
major axis of the nebular lobes under investigation is 
0.047 and so favours the uniform dust density 
distribution. 
The polar i z at ion calculations showed that 
i n t r o d u c i n g d u s t de n s i t y v a r i a t i on s i n t o t h e mode l d i d no t 
cause significant variations in the polarization along the 
major axis of the nebulosity. As expected, the level of 
the polarization was affected (figure 5.11), the increase 
in polarization being correspondingly greater for line of 
s i g h t co l umn s w i t h a w i de r an g e o f s c a t t e r i n g an g I e s than 
for those with a low range. For a bicone with an opening 
an g I e of 2 0° , the scat t e r i n g an g I e s a Ion g each I i ne of 
sight co l umn on t he ma j o r ax i s r an g e f r om 8 0° t o 1 0 0° and 
the total change in the polarization as the dust density 
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Figure 5.10 
Calculation of the average brightness gradient 
along the maJor axis of the cones of anuntilted, 
blcanical model nebula as a function of the 
power-index in the dust density distribution. 
The brightness gradients are the same for a wide 
range of cone angles. The nebular lobes are assumed 
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Figure 5.11 
Calculation of the percentage polarization 
expected from the cones of anuntllted, 
biconical model nebula as a function of the 
power-index in the dust density distribution. 
Polarizations are given for a range of cone 
angles as indicated on each curve. The nebular 
lobes are assumed to be filled with silicate 
grains. 
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varies from having a power-index of 0 to 3, is only 0.07%, 
wh i l e for 
scattering 
a bicone with an open i n g an g I e o f 1 4 0° , w i t h 
angles ranging f r om 2 0° t o 1 6 0° , t he 
corresponding change is 4.73%. 
I n summary, i n vest i gat i on of r ad i a I dust density 
fall-offs has shown that the i r effect is seen 
p r e d om i n a n t I y i n c h a n g e s i n t h e b r i g h t n e s s g r ad i e n t s , w i t h 
only I imi ted effect on the percentage polarization. Even 
so, for the particular case of the bicone, it is st iII not 
possible to reproduce the polarization variations observed 
in the nebular lobes, and there are now few changes that 
could be made to this basic model which could in any way 
enable it to reproduce the observational data. A new 
geometry must be sought. 
This study must place serious doubts as to the 
f e a s i b i I i t y o f t h e neb u I a r mode I p r e s e n t e d by Y u s e f - Z a de h 
e t a I . , ( 1 9 8 4 ) a n d de s c r i be d i n s e c t i on 3 . 6 . T h e i r mode l 
nebula is illuminated by radiation which escapes from an 
opt i c a I I y t h i c k c i r c urns t e l I a r d us t d i s c , wh i c h r e s u I t s i n 
two cones of I i gh t escaping from the disc. The nebular 
b r i g h t ness and p o I a r i z a t i on i s d om i n a t e d by s c a t t e r i n g a t 
the surfaces of the two cones, since the region enclosed 
by the cones is specified as being empty. In view of the 
discussion above, it can be seen that while this model may 
be able to reproduce the nebular brightness, i t is 
certainly not capable of reproducing the polarization 
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variations observed for these objects and recorded by Ney 
et a I. ( 1 9 7 5 ) , C r amp t on e t a I . ( 1 9 7 5 ) , He r b i g ( 1 9 7 5 ) and 
Cohen e t a l . ( 1 9 7 5) . 
5.5 THE PARABOIDAL MODEL 
The investigation of biconical nebulae highlighted 
the fact that the real nebular geometry must, in some way, 
restrict the range of scattering angles along the line of 
sight columns as the i r 
increases. A paraboidal 
principle provide such 
offset 
nebular 
distance from the star 
structure would, in 
r e s t r i c t i on s , as demons t r a t e d i n 
figure 5.12, and such a nebular model, consisting of two 
dust-filled paraboloids having a common major axis and 
origin as shown, was investigated. 
The general equation of a paraboloid, written in 
terms of the principle axes, (u, ,u2 ,UJ) is 
.... ( 5. 26) 
u2 i s taken to l i e a long the major axis and the term 
den o t e d by F ( w i t h u n i t s of a r c seconds ) , i s known as t he 
focus of the paraboloid. Using the transformation matrix .E. 
(described by equations 5.23 and 5.25), equation 5.26 may 
also be written in terms of the observers reference frame, 
X, so enabling the scattering angles to be calculated for 
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Figure 5.12 
The paraboldal nebular geometry shown untllted 
in the plane of the sky. The scattering angles 
at the front and back surfaces of the paraboloid 
are marked for several line of sight columns and 
show how their range becomes restricted with 
increasing off-set distance from the star. 
The focus of the paraboloid shown above 
in the yz plane is 10 units 
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any l i n e o f s i g h t co l umn t h r o ugh t he neb u l o s i t y . 
P r i o r t o n ume r i c a 1 mode l l i n g , an up p e r 1 imi t of 
10° was placed on the possible tilt of the major axis of 
the nebula out of the plane of the sky, with the northern 
lobe being tilted towards the observer (discussed in 
section 4.4 and 5.3). Early results using the paraboidal 
model indicated that, as expected, this structure is able 
to reproduce the observational data more closely than 
previous models. However, it also became evident that a 
n e b u l a r t i l t o f mo r e t h a n 1 ° o u t o 1 t h e p I a n e o f the sky 
results in an unacceptable difference in the polarizations 
c a l c u I ate d for the two lobes. Consequently, e i the r the 
scat t e r i n g me chan i sm must be d i f fer en t i n the two neb u l a r 
I o be s o r , t hey a r e s i m i I a r i n g e ome t r y b u t the southern 
lobe is obscured in some way relative to the northern 
lobe. If the scattering properties of the two lobes are 
different, then i t is fortuitous indeed that the 
polarizations are so similar. In view of t h i s , i t is 
proposed that the southern lobe is obscured relative to 
the northern lobe along the major axis (as in section 
4 . 4 ) , although the exact nature of the obscuration is 
u n c l e a r . Such a I ow v a l u e for the ti It would certainly 
seem to preclude an extensive circumstellar ring as being 
the source. 
Subsequent to these calculations, the model 
brightnesses were normalized only to the northern lobe 
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measurements and the major axis of the nebula was taken to 
I i e i n the p I an e of the sky . Opt i m i z at i on of the rea I par t 
of the refractive index, the power-index of the grain size 
distribution, and the focus of the paraboloid, gave 
results which have been listed in table 5.1. Figures 5.13 
and 5.14 show the optimized model calculations of nebular 
brightness and polarization compared to the observational 
data. Du r i ng t he f i n a l p r o c e d u r e s , t he i mag i n a r y p a r t of 
the refractive index was set to zero, since previous 
calculations had demonstrated that the best 
model/observation fits were to be aquired where the grain 
albedo was greater than 0.75. The extinction length also 
was not optimized since it was badly defined by the data, 
although again previous calculations showed that the best 
fits were to be obtained for high extinction lengths 
(to)70"). 
The paraboidal structure is certainly more able to 
reproduce the polarization observations than the biconical 
models, although i t clearly experiences difficulty in 
fully accounting for the rapid increase in the 
p o l a r i z a t i on w i t h i n c r e a s i n g d i s t a n c e f r om t h e s t a r . This 
results in the model predictions being too high for 
neb u I o s i t y i n w i t h i n ~ 3 0 " f r om t he s t a r and t o o I ow for 
the rest of the nebula. An increase in the focus of the 
paraboloids has the effect of increasing the range of 
scattering angles along all ine of sight columns and so 
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Table 5.1 
Parameter Value 
Focus of Paraboloid (arcsecs) 40.96 ± 11.11 
Re (Refractive Index) 1.18 ± 0.13 
Power Index -3.64 ± 1.02 
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Figure 5.13 
Polarization calculations for the paraboidal 
nebular model as a function of offset distance 
from the star. The model nebula is untilted 
and has a uniform dust density distribution. 
The optimized nebular parameters are recorded 
in the text. The observational data points are 
indicated with m signs. 
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Figure 5.14 
Brightness calculations for the paraboidal nebular 
model as a function of offset distance from the star. 
The brightnesses were normalized only to observational 
data from the northern lobe. The optimized nebular 
parameters are recorded in the text. The observational 
data points are indicated with + signs. 
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reduces the overall levels of polarizatio. The converse is 
also true a n d a s a r e s u l t , n o comb i n a t i o n s o f f o c i a n d 
grain parameters enabled the 
polarization data. 
As with the biconical 
correct 
model, 
simulation of the 
there was l i t t l e 
difficulty 
brightness 
parameters. 
in reproducing adequately, the observed 
gradient f o r a wide range of nebular 
Radial dust density distributions were 
investigated and again found to be inadequate. As shown 
in section 5.4.2, they have the effect of increasing the 
polarization along any given line of sight column with the 
increase being greater, the wider the range of scattering 
an g l e s a l on g t h a t co l umn ( f i g u r e 5 . 1 1 ) . The r e s u l t for t he 
present geometry, is that they decrease the rate of 
increase of polarization with increasing offset distance, 
wh i l e i n c r e as i n g t he o v e r a l l l eve l of the polarization. 
There is, therefore, nothing to be gained by introducing a 
radial dust density variation into the nebular 
s i mu l at i on s . 
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5.5.1 THE PARABOIDAL MODEL WITH A CYLINDRICAL CORE. 
The difficulty in fully accounting for the rapid 
i n c r e a s e i n t h e p o l a r i z a t i on w i t h i n c r e a s i n g d i s t a n c e 1 r om 
the star led to an attempt to model the j e t of dusty 
rna t e r i a l in the north-western part of the nebula (other 
possible sources for the observed intensity and brightness 
enhancements were discussed in section 4.3). The jet was 
i n c l u de d i n t o t he mode l i n t h e f o r m o f a c y l i n d r i c a l core 
o f ma t e r i a l , the axis of the cylinder being coincident 
with the nebular axis, as depicted in figure 5.15. 
The optical path length in the core was included 
as a variable model parameter, together with the cylinder 
radius. Radial dust density variations throughout the 
nebula could be included in the model as required. 
Calculation of the Stokes parameters of the scattered 
light for a given line of sight column, required the 
separate calculation of the optical extinction along each 
light path included in the evaluation of the line of sight 
integral (equation 5.11). 
This model proved capable of reproducing the 
observed gradients in the polarization variations with 
offset distance from the star, since the scattering angles 
become dominated by the core geometry (provided the dust 
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Figure 5.15 
/ 
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The paraboidal nebular model with a cylindrical 
core. The dust density of the core is much higher 
than that found in the rest of the nebula. 
Scattering angles are marked for one line of sight 
column. Clearly. the range of angles through the 
core are much less than along the entire column. 
Focus of the paraboloid = 10 units 
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density in the core is significantly higher than in the 
surrounding nebular medium). The r esu I t is a rapid 
cons t r i c t i on of the scat t e r i n g an g I e s to around 9 0° as the 
distance from the star increases. However, the predicted 
polarizations were far in excess of those observed. The 
b r i g h t ness v a r i a t i on s a long the ma j or ax i s of the neb u l a 
were still dominated by scattering at the front surface of 
the nebula ( i e. by the lowest possible scattering 
an g l e s ) , and so b r i g h t ness p r e d i c t i on s we r e v e r y s i m i l a r 
t o t hose o f t he f i l l e d p a r abo l o i d mode I . 
5.5.2 SUMMARY OF THE DUST-FILLED PARABOIDAL MODELS 
Even though the investigation did not result in a 
s u i t a b I e n e b u l a r mode I , calculations with the uniformly 
dust-filled nebula in particular, were promising, yielding 
the most r e a l i s t i c s i mu I a t i on s o f t he o b s e r v a t i on a l d a t a 
so far . However, the requirement that the nebular 
structure should restrict the range of scattering angles 
along the line of sight columns at increasing offset 
distance f rom the star , has not been f u I l y met . The need 
for very low scattering angles close to the star was 
emphasized. 
Should the dust, instead of being distributed 
throughout the structure, be found only at the parabolic 
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surfaces, then the above conditions may well be met, since 
the I i gh t received by the observer wi II principally be 
scattered through a small range of 
surface only. 
5.6 THE CAVITY MODEL 
consists of 
angles at the front 
two paraboloids having This model 
slightly different foci and a common major axis and 
or i g i n . A I I dusty mater i a I i s to be found only in the 
the intervening space between the paraboloids, and 
r em a i n i n g s t r u c t u r e i s assumed t o be h o I I ow . I t nebular 
s t r u c t u r e i s de p i c ted i n f i g u r e 5 . 1 6 and i s de f i ned by two 
parameters, 
paraboloids. 
namely the foci of the inner and outer 
The Stokes vector describing a beam of I i gh t, 
results f rom t he s imp I e add i t i on of t he Stokes v e c t or s 
describing each individual wave (discussed in section 
1 . 4) . Similarly, calculation of the Stokes vector 
de s c r i b i n g I i g h t s c a t t e r e d f r om a l i ne of sight column 
through the present nebular structure, requires simply 
subtracting the vectors describing the scattered I i gh t 
f r om t he sa me co I umn s t h r o ugh two , d us t - f i I I e d p a r abo l i c 
nebulae of appropriate foci. Such a procedure is va I i d 
under conditions of low optical depth (were the extinction 
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Hollow region 
Figure 5.16 
The cavity model, shown untilted in the plane of 
the sky. The range of scattering angles through 
the dust are marked for one line of sight column. 
Focus of inner paraboloid = 10.97 units 
Focus of outer paraboloid = 8 units 
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factor, described by equation 5.17. is close to unity) and 
uniform dust density distribution. I t is val i d f o r 
cond i t ions of high optical depth i f the dust is 
concentrated only on the surface of a paraboloid which is 
o t he r w i s e emp t y . U n de r such con d i t i on s , the l i g h t f r om t he 
star will only suffer extinction when traversing the line 
of sight column, and if the dust is confined to a surface, 
then the extinction of the light is negligible and the 
ex t i n c t i on f a c t o r i s u n i t y . E q u a t i on 5 . 1 4 be come s 
ll\t E 8 = ms r A R -2 . 5 < 1 o g, o D2 • A2 N + log, o ( 
8. n2 r a2 J
8t 
(F, (8)+F2 (8)) .d8) 
82 
.... ( 5. 28) 
C l e a r l y , t he b r i g h t ness g r ad i en t s a r e now insensitive to 
the grain number density, N. 
As with the dust-f i lied paraboidal nebular models, 
the model brightness predictions were normalized to the 
observational data of the northern lobe only. Preliminary 
calculations again showed that the nebular tilt must be 
restricted to less than~ 1° out of the plane of the sky, 
and so it was fixed at zero degrees for all subsequent 
optimization procedures. It was found to be difficult to 
optimize both nebular foci simultaneously, and so the 
inner focus was varied 'manually' over a wide range of 
values, allowing the f i t t i n g a l go r i t hm ( des c r i bed in 
section 5.1) to optimize the outer focus and the grain 
parameters. 
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This nebular model proved able to reproduce the 
observational data f a r bet t e r than any of i t s 
predecessors. The polarization calculations were found to 
be very sensitive to the parabolic foci, resulting in the 
geometric parameters of the model being well 
the observational data. 
defined by 
For the f ina l optimization procedure, the 
imaginary part of the refractive index was again set to 
zero, since earlier work had shown that a grain albedo of 
> 0.8 was required i f the nebular models were to 
accurately simulate the observations. The optimized 
nebular parameters are given in table 5.2, and figures 
5 . 1 7 and 5 . 1 8 show t he opt i m i zed mode I c a I c u I a t i on s of t he 
nebular brightness and polarization compared to the 
observational data. Figure 5.19 shows the polarization 
behaviour of grains described by the parameters I isted in 
table 5.2 as a function of scattering angle. 
As a final check on the model parameters, surface 
brightnesses throughout the final nebular model were 
calculated (in magnitudes per square arcsecond) relative 
to a 1 2 . 7 4 mag n i t u de s t a r (with 1.9 magnitudes of 
extinction in the visual). They were then compared to the 
calibrated observational data recorded by Khachikyan and 
Parsamyan (1965). Grain number densities of 37 ±7m- 3 are 
required at the parabolic sur faces in order to give 
agreement with the observations. 
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Table 5.2 
Parameter Value 
Inner Foous of Paraboloid (arcsecs) 8.0 
Outer Focus of Paraboloid (arcsecs) 10.97 ± 8.5 
Re (Refractive Index) 1.25 ± 0.12 
Power Index -4.30 ± 0.22 
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Figure 5.17 
Polarization calculations as a function of offset 
distance from the star for a 'hollow' model nebula. 
The dust is concentrated at the parabolic surfaces 
of the structure. The optimized nebular parameters 
are recorded in the text. The observational data 
points are indicated with + signs. 
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Figure 5.18 
Brightness calculations as a function of offset distance 
from the star for a 'hollow' model nebula. The dust is 
concentrated at the parabolic surfaces of the structure. 
The brightnesses were normalized only to observational 
data from the northern lobe and the optimized nebular 
parameters are recorded in the text. The observational 
data points are indicated with + signs. 
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Figure 5.19 
Percentage polarization as a function of scattering 
angle for a normalized power-law size distribution 
of grains. The index of the size distribution is -4.3. 
The refractive index of the grains is (1.25,0.0i) 
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Table 5.2 
Parameter Value 
Inner Focus of Paraboloid (arcsecs) 8.0 
Outer Focus of Paraboloid (arcsecs) 10.97 ± 8.5 
Re (Refractive Index) 1.25 ± 0.12 
Power Index -4.30 ± 0.22 
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Simulated model images of the nebulosity are shown 
in plates 5 and 6 for c omp a r i son w i t h the observed 
nebulosity shown in plates to 4 (section 4.2). 
5.7 DISCUSSION OF THE RESULTS 
Figures 5.17 and 5.18 show clearly that this 
the nebular model is well able to account for 
observational data, although there is s t i l l some 
difficulty in f u l l y accounting for the very low 
polarizations observed close to the star. The simulated 
intensity images of the nebulosity are quite realistic 
when c omp a r e d t o t he o b s e r v a t i on a l images, although as 
shown in f i g u r e 5 . 1 8 , t h e mode l n e b u I a r b r i g h t n e s s f a l I s 
off a little too sharply with offset distance from the 
star. The bright r i ms , wh i c h ma r k t he i nne r and o u t e r 
edges of the dust distribution on the plane of the sky, 
are not seen in the observational data. This is due to a 
comb i n a t i on of f a c t or s . The r i ms a r e v e r y n a r r ow and c l o s e 
to the see i n g d i s c s i z e . A I so , i n t he n ume r i c a l mode l , 
there is a sharp discontinuity in the dust distribution at 
the parabolic surfaces, resulting in the bright rims. In 
the real nebula, such discontinuities are not expected to 
exist. 
The observed centro-symmetry of the poI a r i za t ion 
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pattern is well accounted for, since a c en t r o- s ymme t r i c 
p o l a r i z a t i on p a t t e r n w i l l a l w a y s be p r e d i c t e d f o r mode l s 
where the radiation undergoes only single scattering. This 
is simply because the plane of polarization of the 
scattered light always lies in the plane perpendicular to 
the scattering plane and the direction of propagation of 
the radiation, as demonstrated in figure 5.2. 
5.7.1 DISCUSSION OF THE REFRACTIVE INDEX 
The grains required by this model are of high 
albedo ) 0 . 8) and low ref r act i v e i n de x ( 1 . 2 5 ± 0 . 1 2) . 
I n teres t i n g l y, t h i s i s a l so the case for the g r a i n s wh i c h 
comprise the nebula, NGC1999, which has been modelled by 
W a r r en- Sm i t h ( 1 9 8 3 ) . T h i s neb u l o s i t y 
with a young stellar object. 
is also associated 
The refractive index and albedo found for any 
nebulosity must be representative of a combination of 
grain materials. There is no evidence from investigation 
of the i n t e r s t e l l a r me d i um t o i mp l y t h a t i t s o b s e r v a b l e 
properties can all be explained in terms of a single grain 
composition. Mathis et al ., (1977) found all of the grain 
mixtures that they considered, to require the presence of 
graphite in order to explain the observed ultra-violet 
extinction features. Cohen (1980) has identified the 
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p r e sen c e o f s i l i c a t e g r a i n s i n t he spec t r um of L k Ha 2 0 8 . I t 
seems l ike l y then, that there wi II be a silicate and 
graphite content to t he g r a i n ma t e r i a l . However, some 
other material must also be present, since neither of 
these compounds have a low index of refraction, and 
graphite is a highly absorbing material with a low albedo. 
The only simple material which has a refractive 
index within the parameter r a n g e f o r t h i s mode l i s i c e 
(refractive index = 1 . 3 3 , 0 . 0 i ) , wh i c h is also highly 
refractory. On the basis of arguments presented in section 
2 . 8 . 7 , i t seems u n l i k e l y that ice would exist in the 
nebula in the form of i c e g r a i n s . An i c e presence i n the 
form of icy grain mantles is more consistent with present 
grain models, particularly when the youth of the star 
LkHa208 is considered. The identification of silicate 
g r a i n s i n t he c i r c ums t e I l a r d us t a r o u n d t he s t a r , sup p or t s 
this hypothesis since silicates could have provided the 
necessary nucleation cores onto which mantles condensed in 
the early stages of the protostellar collapse. I t is 
certainly conceivable that the i c y g r a i n man t l e s are 
subject to photolysis (discussed in section 2.8.7) which 
results in the formation of non-volatile mantles which 
themselves are highly refractory and of l ow r e f r a c t i v e 
index. Confirmation of the presence of ice in the nebular 
medium will require spectral observations of the 
nebulosity in the 3.1 J1 region to see if there is an ice 
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absorption feature. 
5.7.2 DISCUSSION OF THE DUST SIZE DISTRIBUTION 
As with the refractive index, the index of the 
power-law function which describes the grain size 
distribution was found to follow the trend set by 
results from NGC1999 (power-index= -4.24 ± 0.18) 
power-indices found both for t he g r a i n s c omp r i s i n g 
nebulosity illuminated by LKHa208 (-4.3 ± 0.22) 
NGC 1 9 9 9 , a r e s i g n i f i can t l y l owe r t han t he i n d i c e s of 
the 
The 
the 
and 
-3.3 
to -3 . 6 , wh i c h a r e r e q u i r e d for t he g r a i n s g i v i n g r i s e to 
the observed interstel tar extinction (Mathis et a l. 
(1977)). This seems to indicate that there are 
proportionally larger numbers of sma 11 grains in the 
nebular structures than in the general interstellar 
medium. As discussed in section 2.7.1, Mathis et a l. 
carried out an empirical derivation of the grain size 
d i s t r i b u t i on by mode l l i n g t h e me a n i n t e r s t e l I a r ex t i n c t i on 
curve. 
Wa r r en- Sm i t h p r o posed t h a t [ a I n ( n ) I a I n ( a ) J i s , i n 
fact , not a constant, b u t v a r i e s s l ow l y w i t h t h e g r a i n 
s i z e , t h e i n d e x o f t h e d i s t r i b u t i on be com i n g mo r e n e g a t i v e 
w i t h i ncr e as i n g g r a i n r ad i us ( n (a) d a i s the number dens i t y 
of particles with radi in the range a to a+da). This 
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would account for the low power-index found for NGC1999, 
since the polarization data are sensitive to grain sizes 
from 0.2 to 0.5 p, whereas, the interstellar extinction 
data is sensitive to grain sizes in the region of 0.03 p. 
Since the nebular structure under the present 
invest i gat ion i s a l so s e n s i t i v e t o g r a i n s s i z e s f r om 0 . 2 
to 0.5 p, the value calculated for the power-index here 
(-4.30 ± 0.22), would seem to confirm this hypothesis, 
although care should be taken since both NGC1999 and the 
nebulosity surrounding LkHa208 are associated with young 
s t e l I a r o b j e c t s and t he d us t may not be r e p r e sen t a t i v e of 
t he gene r a I i n t e r s t e I I a r me d i um . 
High velocity winds are known to be associated 
with Herbig Ae/Be stars and the destructive processes 
which have been, and indeed may wei l s t i l l be, in 
operation in the stellar and nebular environments, may 
have r e s u I t e d i n a s i z e d i s t r i b u t i on o f g r a i n s wh e r e t he r e 
are more smal I grains than usual, so accounting for the 
low power-index. However, grains in the diffuse cloud 
medium originate 
they are ejected 
in young stellar environments and when 
into the diffuse cloud medium, they 
suffer only destruction processes and do not grow 
(discussed 
difficult 
in section 2.7.1). It would therefore be 
to account for the observed distributions of 
Mathis (1977), where there seem to be a higher number of 
large grains than has been calculated in the nebulae, if 
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t he g r a i n s i n t he young s t e l l a r en v i r o nme n t s cons i s t o f a 
p r opo r t ion a l l y much higher number of sma l I g r a i n s . I n 
conclusion, the suggestion by W a r r e n-Sm i t h that 
[oln(n)/oln(a)] is a slowly varying function is favoured. 
5.7.3 DISCUSSION OF THE NEBULAR STRUCTURE 
A consideration of the nature of Herbig Ae/Be 
s t a r s , t h eo r e t i c a I wo r k on you n g s t e I I a r o b j e c t s , a n d t h e 
available observational data, suggests that the object 
under study is a representative of the latter stages of 
s t e I I a r format i on . I n par t i c u I a r , i t wo u I d seem to be a 
good example of the final stage of the stellar formation 
model proposed by Konigel (and described in section 3.9) 
where the stellar object is observed through a thick dust 
disk or torus, and illuminates one or two nebular lobes. 
Numerical mode I I i ng has shown that dust which gives rise 
to the nebulosity must be concentrated at the edges of a 
cavity. The g e ome t r i c s t r u c t u r e o 1 t he c a v i t y r e g i on may 
be approximated by the surface of a paraboloid. 
Presumably, the cavity has been evacuated by the two 
supersonic jets, which were formed much earlier in the 
evolutionary process by the focusing of the stellar wind 
by the molecular cloud from which LKHa208 has condensed. 
As mentioned above (section 5.6), the model data 
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were compared to the calibrated observational data 
recorded by Khachikyan and Parsamyan (1965) and it was 
found, in order to give agreement with the observations, 
that a grain number dens i t y of 3 7 ± 7 m- J i s r e q u i red, 
wh i c h i s ~ 1 0 0 0 t i me s greater than the number density of 
the grains in NGC1999. T a k i n g the mas 5 den 5 i t y of i c e , 
1 0 0 0 k gm- J , f o r t h e g r a i n s , i t is possible to place a 
l owe r I i m i t on t he mass o f g r a i n ma t e r i a I con t a i ned i n t he 
neb u l a r s t r u c t u r e . I n t e g r a t i n g o v e r t he s i z e spec t r um of 
the grains and taking a value of 60 arcseconds for the N/5 
extent of each lobe, a mass of 10- 2 Me was calculated for 
material contained in each lobe. 
While the hollow paraboidal model explains most of 
t he o b s e r v a t i on a l f e a t u r e s we l l , i t can no t f u l I y a c co u n t 
for the very l ow pol a r i z at i on s me as u red close to the star . 
AI so, t he mode I neb u I a r b r i g h t ness f a l l s o f 1 a l i t t I e t o o 
sharply with offset distance from the star. Any numerical 
model is, at best, on I y an a p p r ox i ma t i on t o t he r e a I 
neb u l a r s t r u c t u r e and compos i t i on , and t he o b s e r v a t i on s o f 
both brightness and polarization close to the star are 
I i k e l y t o r e s u l t f r om s c a t t e r i n g n o t on l y f r om d u s t a t t h e 
parabolic sur faces, but also 1 r om ma t e r i a I wh i c h s t i I l 
remains from the molecular cloud and from dust connected 
to the dust disc. As a res u I t , the for war d scat t e r i n g 
angles for light scattered close to the star will be much 
lower than from the paraboidal structure alone, so 
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accounting for the low polarization measurements and also 
resulting in a slower fall-off in the nebular intensity at 
low offset distance than is predicted by the hollow 
paraboidal model. 
An i n t e r e s t i n g p o i n t con c e r n i n g t he neb u I a r mode I 
of Yusef-Zadeh et a I., (1984), is that if, instead of 
invoking a biconical cavity in a dust cloud, the cavity 
was curved, so as to be better approximated by a 
p a r abo l o i d , t hen t he s c a t t e r i n g g e ome t r y wo u l d be v e r y 
similar to the hollow paraboidal model invoked above. The 
dust disc would again account for 
observed close to the star. 
5.8 A SUMMARY OF THE CONCLUSIONS 
the l ow p o I a r i z a t i on s 
Investigation of the photometric data revealed not 
only the classical hourglass appearance of the nebulosity, 
but also many asymmetries in the object about both the 
major axis of the nebular lobes and the plane of the dust 
d i s c. A jet- I i k e feature , wh i c h appear s to emanate from 
the central object, was observed in four colours in the 
north-western part of 
percentage polarization 
the northern lobe, and 
is well correlated with 
the 
the 
feature. The jet may simply be an i I l um i n a t i on e f f e c t , 
such as a shaft of light penetrating the dust at some 
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appropriate angle, or it may be a jet of nebular material, 
probably connected with the supersonic jets which are 
proposed by Konigel (1982), 
s t ages o 1 s t e l l a r 1 or mat i on . 
to exist during the early 
The nebulosity I ies at the edge of a dark cloud to 
the east, which is proposed to be responsible for the 
nebular lobes appearing to be swept towards the west, so 
giving the object a s I i gh t boomerang shape. The 
c i r c ums t e I I a r dust disk is evidenced by the steep 
brightness gradients perpendicular 
the nebular lobes. 
to the major axis of 
Numerical model I ing of the nebular lobes has shown 
that the observations result f r om t h e s c a t t e r i n g o f 
r ad i a t i on f r om d us t wh i c h i s con c en t r a t e d a t t he edges o f 
a cavity, the structure of which has been approximated by 
a paraboloid. This model is able to account for the 
observed centro-symmetry of the polarization data, the 
levels of poI a r i z at ion, and the symmetry in the 
observations along the major axis of the object. 
T h e g r a i n s c omp r i s i n g t h e 
a l bed o ( ) 0 . 8 ) and I ow r e f r act i v e 
nebular are of high 
index (1.25 ± 0.12). It 
is I ikely, on the basis of previous observations, that 
there is a silicate and graphite content to the grain 
ma t e r i a I . On the bas i s of the present c a l c u l a t i on s , i t i s 
proposed that there is an ice presence in the nebular 
me d i um i n the form of i c y g r a i n man t I e s , which may wel I 
1 4 1 
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have undergone photo-processing to yield non-volatile, 
highly refractory grain mantles which are of low 
refractive index. 
A power-law function has been used to describe the 
grain size distribution and the power-index which best 
accounts for the observational data is (-4.3 ± 0.22). This 
value i s s i g n i f i cant I y I ower than the i n d i c e s found f rom 
mode I I i ng the inters t e I l a r ext inc t ion curve (Mathis e t a l . 
(1977) and the proposal by Warren-Smith (1983) that 
[ a l n ( n ) I a I n ( a ) J i s no t a cons t an t , b u t v a r i e s s I ow I y w i t h 
the grain size, the index of the distribution becoming 
mo r e n e g a t i v e w i t h i n c r e a s i n g g r a i n r a d i u s , i s f a v o u r e d a s 
the possible explanation. 
The number density of dust grains at the surface 
of the c a v i t y i s 3 7 ± 7 m- 3 wh i c h i s ~ 1 0 0 0 t i me s greater 
than the value calculated for the nebulosity NGC1999 
( Wa r r en- Sm i t h , 1983) and 1010 times greater than the 
t y p i c a I v a I u e for the d i f fuse c l o u d me d i um (Greenberg, 
1983). A mass of 10- 2 Me is found for the dusty material 
contained in each lobe. 
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